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PREFACE 


The engineering curriculum of the University of California requires 
a two-year course in college physics (four semesters, each containing 
three units’ work) of all engineering students. In the first two semes- 
ters (freshman year) the subjects studied are mechanics, properties 
of matter, and heat. In the first semester of the second year elec- 
tricity and magnetism are taken up, and in the second semester sound 
and light are studied. At the beginning of the second year these 
students have already taken analytic geometry and differential cal- 
culus, and, concurrently with the course in electricity, they are taking 
up the integral calculus. The purpose of these courses is to give a 
fundamental working knowledge of the physical principles with rela- 
tively little material of a technical engineering nature. Each of these 
semester courses consists of two one-hour demonstration lectures and 
a three-hour laboratory period each week during the fifteen weeks 
of the semester. During the first year the first hour of the laboratory 
period is taken up by a conference in groups of twenty students under 
an instructor, in which the experiments to be performed are discussed, 
as well as the problem sets which were to have been solved during the 
week. In connection with the lecture portion of the course the stu- 
dents are required to work twelve weekly problem sets (consisting of 
three to five problems each) during the semester. The lecture por- 
tion of the course also includes two or three mid-term examinations, 
each lasting an hour, and a three-hour final examination at the end 
of the semester. 

In 1924 the author was given the task of conducting one of the two 
sections of this course. In the ensuing year both sections, comprising, 
all told, some three hundred engineering students, were given him to 
instruct. The task of teaching this course presented a difficult prob- 
lem for the following reasons. It is the opinion of the author, gained 
from his first teaching experiences under the system initiated by Pro- 
fessor R. A. Millikan at the University of Chicago, that in a course of 
college physics the interesting phenomenology taught in high school 
physics and in some colleges, should be replaced by a study of the 
quantitative basis of the subject. In such a formulation the quan- 
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titative laWvS of physics cannot be adequately discussed without the 
use of mathematics. To engineering students, who will have to apply 
these quantitative laws in practice, it seems especially essential that 
the mathematical approach to the subject should be emphasized and 
taught in such a way as to enable the student to apply his physics 
to the practical problems which he meets In his engineering. Thus, 
despite the modern tendency of college physics texts to shirk mathe- 
matical formulations for the more dramatic and easy qualitative treat- 
ment, the author was committed, in attempting to teach this course, 
to a presentation of the subject of electricity and magnetism in a more 
quantitative and mathematical fashion. 

The problem raised by the presentation of this course in accord 
with the above principle was the following. The course consists of 
twenty-six one-hour demonstration lectures which must be presented 
in such a form that all the mathematics used is available to the stu- 
dent for application to the problems to be solved. It was further com- 
plicated by the fact that, in the author's opinion, no law of physics or 
quantitative treatment of a phenomenon should be dealt with on the 
basis of what appears to the student to be an empirical equation. 
Every equation and quantitative relationship appearing in a text, in 
the author's opinion, vshould be justified on the basis of the fundamental 
experiments proving this law, or where it is a derived expression, the 
derivation should be given. Thus it is obvious that it is impossible 
to perform the demonstration lecture experiments and explain them 
and at the same time place on the board, in a sufficiently concise and 
clear form for the student to include in his lecture notes, the deriva- 
tion of the necessary laws. An adequate text or reference book was 
therefore urgently needed. A rather thorough survey of the college 
texts in physics existing showed the author that the books which ade- 
quately covered the material required of these students were either 
so old as to be completely out of touch with the modern developments 
of physics or else entirely too advanced for a course of the nature 
above outlined. Of the modern college texts, in view of the tendency 
to shirk the more mathematical formulation, very few were adequate, 
and the few which gave some mathematical formulation were not 
complete enough in fields in which instruction was required. The 
author was therefore forced to prepare for the benefit of his students a 
condensed set of lecture notes which would fulfill the demand in such 
a fashion that the major portion of the lecture period could be given 
over to the performance of the demonstrations and their explanation. 

The text was dictated from rough notes during a brief period one 
summer. It was revised the following year, and the present volume 
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forms the fourth rather complete revision of the original material. 
In making these revisions the author wishes to acknowledge assist- 
ance and suggestions concerning the text from Professor F. K. Richt- 
myer of Cornell University, Professor J. C. Hubbard of Johns Hop- 
kins University, from his colleague Professor Thomas Buck of the 
Department of Mathematics of the University of California, from 
his friend Professor David L. Webster of Stanford University, who 
was kind enough to glance through the sections of the text, and, finally, 
from his wife Lora Lane Loeb, who has assisted him in the various 
revisions and in the preparation for publication in book form. He 
particularly wishes to acknowledge his indebtedness to his former 
teacher. Professor E. E. Hall, Chairman of the Physics Department 
of the University of California, under whose direction the course was 
first developed and whose plan of attack was, in general, followed in 
these notes. 

In presenting the text, possibly a few words might be said concern- 
ing the plan which is followed and some of the more important points 
which the author has wished to emphasize. The general plan of presen- 
tation of the subject and the sequence of development of the materials 
of the course were not entirely left to the choice of the author. The 
sequence was influenced by considerations of laboratory equipment 
and facilities which could not be changed. For this reason the 
approach to the subject of electricity is not made from the point of 
view of static electricity, as the author wishes it might be. Aside 
from this, however, the general development and method of approach 
is one that is not infrequently used and it seems to have worked out 
fairly successfully in practice. 

Again, in developing the subject with the purpose of fixing in the 
minds of the students the fundamental elements of electricity and 
magnetism, the author has found that the greatest difficulty encoun- 
tered by the students is the confusion in the definition and relation 
of the many electrical entities occurring in such a treatment. To sys- 
tematize the teaching of these fundamental concepts the author has 
found it convenient to organize the course about a skeleton based on 
a clear definition of the electrical entities and their interrelations. In 
doing this he has found it convenient to divide these entities, where 
they appear in the development of the subject, into two types, funda- 
mental and derived. The entities chosen as fundamental are defined 
directly in terms of concepts of force and work and are electrical cur- 
rent, quantity, and potential. These definitions are on the basis of 
fundamental experiments relating these concepts to force and work. 
The three derived entities which he has chosen result from ratios of 
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the fundamental entities and are generally properties of the shape, 
dimensions, and materials of the electrical system where they occur. 
They are resistance, capacity, and self-induction. These six entities 
are, for practical purposes of measurement and comparison, expressed 
in three systems of units, giving, wherever possible, the reason for the 
origin and choice of the units. These systems of units are the abso- 
lute electromagnetic, the practical and the absolute electrostatic 
systems of units. This formulation of the fundamental notions of 
electricity leads to a summary, which constitutes the kernel of the 
course, based on the fundamental electrical entities and their rela- 
tions. These are contained in the apparently elaborate table at the 
end of the text. Practice has .shown that this bird's-eye view of the 
interrelations of the electrical concepts has been exceedingly helpful 
to the students. It leads to a mnemonic system for remembering the 
units and their ratios which has many interesting features. One of 
the interesting results from this choice of definitions leads to the 
observation that the ratios of the fundamental electromagnetic and 
electrostatic units all involve the first power of the velocity of light, 
while the ratios in the electromagnetic and electrostatic systems of 
the derived units, as defined above, involve the square of the velocity 
of light. 

The nature of the training required of the California engineer in 
this counse requires a thorough knowledge of Kirchhoff's laws of 
divided circuits, as well as a fundamental knowledge of the laws of 
magnetic circuits. These are not generally presented in college texts 
in such a form as to be practically applicable to the solution of prob- 
lems. A great deal of care has therefore been taken in working out 
a system of application with illustrations for the benefit of the stu- 
dents. 

Another feature of this text is the introduction, wherever possible, 
of the modern atomic and electronic theory of matter in explaining 
the phenomena. This is particularly noticeable in the discussion of 
the laws of electrolysis in terms of the octette theory of valence and 
in magnetism. The author believes that the treatment of the elec- 
trical cell presented is a new mode of approach to the study of this 
problem for physics texts, though it has been used to some extent by 
the chemists. 

In preparing the text for publication in book form, the author has 
made two important changes as a result of suggestions made by Pro- 
fessor Hubbard. He has very much enlarged and extended the his- 
torical chapter. This was done first because the present status of 
physical science requires, as a result of relativity, quantum theory 
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and wave mechanics, that we should, at this time, take stock of the 
advance of physical science and its aims, past and present. In the 
second place it was felt that the history of electricity and magnetism, 
especially after 1830, has been very much neglected. It has thus been 
the aim to present the historiceil survey in two parts, first a general 
discussion of the development of physical science and secondly a more 
detailed story of the advance of electricity and magnetism in which 
the subject is conveniently divided into seven periods. 

At the suggestion of Profesvsor Hubbard a new chapter on the 
physical basis of thermionics and of photoelectric phenomena has 
been added, the reason for this being that the modern engineering 
training requires a knowledge of these subjects in later work. In this 
presentation the fundamental knowledge is largely stressed, including 
the influence of the modern theory of the electronic state in metals. 
Applications have, as is consistent with the spirit of this text, been 
included only sufficiently to illustrate the physical principles. 

The author desires to acknowledge the invaluable assistance which 
he received in writing the historical survey from the use of two books, 
viz., Edmond Hoppe’s “Geschichte der Physik” and Park Benja- 
men’s ‘‘History of Electricity and Magnetism up to 1750.” In addi- 
tion, the author desires to acknowledge indebtedness to the admirable 
text of Dr. H. J. Van der Bijl, entitled “The Thermionic Vacuum 
Tube,” in preparing the second part of Chapter XXVII on certain 
phases of the application of thermionics. 

Finally it seemed to the author that with the training which the 
students in this course arc having in mathematics, the application of 
their knowledge to the study of the physical problems which they are 
taking up is not amiss. Thus the author has not hesitated to intro- 
duce the use of a few simple derivatives and integrals where needed, 
although in doing this he has been careful to explain the physical 
meaning of the operations. As a particular feature of this treatment 
the more complete introduction to transient phenomena and to the 
role of inductance and capacity in sinusoidally alternating currents 
has given an admirable opportunity. The applications of the mathe- 
matics here used have been carefully looked over by the professor in 
charge of the mathematical instruction of these same students and 
have his hearty endorsement. 

Leonard B. Loeb. 

Physical Laboratory, 

University of California, 

Berkeley, California, 

October, 1930. 
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FUNDAMENTALS OF ELECTRICITY 
AND MAGNETISM 


CHAPTER I 

HISTORICAL 

1. GENERAL DEVELOPMENT OF PHYSICAL SCIENCE 

In introducing the subject of electricity and magnetism it might 
not be amiss to do so with a brief historical sketch ; for it often happens 
that such a sketch brings out the development of ideas in relation to 
each other and to the subject as a whole with a clarity which is gen- 
erally lost sight of in the more detailed study of the individual parts. 
This bird^s-eye view of the subject is often most stimulating, for it not 
only relates the development of electricity to the development of other 
branches of physics as a whole, but also shows how inevitably progress 
or discovery is linked up with and depends on antecedent progress or 
discovery. 

Before the time of the Greeks, say before 600 B.C., there was no 
such thing as science in the present sense of the word, nor even in the 
earlier Greek meaning of the word. What body of knowledge existed 
consisted of certain arbitrary uncoordinated facts gleaned by inde- 
pendent discovery, invention, or observation. These facts existed as 
isolated items, unrelated to each other or to any body of knowledge. 
In the Rhind papyrus of 2000 B.c. we see, therefore, merely a compila- 
tion of isolated empirical facts. 

Beginning with the Pythagorean school, and perhaps a few decades 
before, we see the first recorded attempts made to coordinate existing 
observation and knowledge into schemes of universal scope, i.e., phil- 
osophical systems. That is, mankind had at this point begun to assume 
vast causal relations of universal extent to exist in Nature and was 
attempting to discover or divine these. As an example, Pythagoras 
observed that the seven strings of the Greek lyre when equally taut 
emitted a harmonious system of notes when struck. Since Pytha- 
goras believed that all things could be expressed by numbers, he assumed 
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that the ratios of the lengths of the strings of the lyre must represent 
a set of harmonious ratios of numbers and he postulated that since the 
seven known planets moved harmoniously the distances of these 
planets from the earth must be in the ratio of the lengths of the seven 
strings of the lyre. It is obvious that in the light of our present 
knowledge such speculation was futile. It was, however, man's 
first attempt at scientific thought, and it was tremendously stimu- 
lating. The difficulty with this method of thought lay first in the 
fact that it had inherent in it a man-made faith that all things in nature 
were created for a purpose as part of a well-ordered scheme. This 
naive assumption came directly through man’s attempt to read in 
nature actions similar to his own (i.e., it had an anthropomorphic 
basis). As far as man could see, his actions were governed by purpose, 
and in studying nature he assumed that it must also be arranged for a 
purpose. Had he resorted to experiments of a quantitative nature to 
test his theories and speculations, he would quickly have learned 
that there was no apparent purpose in natural phenomena, and he 
would have quickly changed his experiments in such a way as not to 
find an amswer to a qucvstion ''why,” ''for what purpose?” but rather 
to find an answer to a question "how” or "in what manner?” This 
experimental testing the Greek thinker did not do, for such a test 
involved the use of manual labor in conducting experiments. Now a 
freeborn Greek citizen might not be guilty of manual labor, for manual 
labor was the work of slaves. As a result the Greeks pursued the 
speculative method only. Thus it came to pass that, owing to the 
limited scope of man’s sense perceptions, it was possible in 500 years’ 
time to organize the universe accessible to man by these same five lim- 
ited senses into a number of great philosophical systems so completely, 
that unless new experiences could be gained little further advance was 
possible. It is probable that this situation was responsible for the 
apparent stagnation of Greek learning at the time of the conquest of 
Greece by Rome. 

It is clear from the nature and results of the above method that we 
cannot, as is frequently done, state that the beginnings of modern 
science, or even of electricity and magnetism, lay in Greece. It is true 
that about the first accurate records which we have of electrification of 
amber and jet by friction date from Thales of Miletus, 550 B.c., and 
that the first accurate mention of a magnetic attraction dates from 
that time. Doubtless these phenomena were well known long before 
this time and the Greeks added nothing but foolish speculation to this 
knowledge. It is often asserted by some that in reality nothing new 
exists in the world, and that the Greeks had already imagined all there 
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was to know of the universe. How futile and foolish such an assertion 
is will be seen in the later lectures. Not only did the Greeks make wild 
guesses, the majority of which are wrong, but even their philosophical 
systems are completely inadequate to cope with the analysis of the 
new universe of interstellar spaces and interatomic complexities 
now open to mankind through the extension of his senses. This 
extension of his senses, furthermore, came as a result of the scien- 
tific method of controlled quantitative investigation which arose in 
the sixteenth century and which was completely foreign to Greek 
thought. Occasionally, as in the atomic theory of Leucippus and 
Democritus, we have a speculation which was nearly like the accu- 
rately established picture of matter which exists to-day as the cumula- 
tive result of countless quantitative investigations. This one good 
“guess’* is perhaps one of three or four of the hundreds of other 
theories that even remotely approach modern scientific conclusions. 

In one direction, however, the Greek method was more successful. 
In the field of geometry, algebra, and astronomy, where physical 
manipulation was little required, the organizing power of the Greek 
genius was quite successful. Here the generalizations from observa- 
tions of the ancients and further reasoning led to a real and valuable 
advance. Especially the development of geometry as summarized 
by Euclid in 300 B.c. forms a most valuable contribution to our knowl- 
edge which endures to this day, although the higher developments of 
even this branch in the non-Euclidean geometry remained for a new 
era to develop. In algebra, however, the progress was relatively slow 
because of the Greek system of numeration. Their numeral system 
was akin to that of the Romans, and the handicap which this gave 
to algebraic calculation can be seen at once if one tries to multiply 
the numbers LIX by XXIV, using the Roman notation. It remained 
for the Arabs at a later date to give to the world a rational system of 
numeration which made rapid and simple calculation possible. 

Following the downfall of Greece, scientific advance nearly ceased 
for a long period beginning about 50 B.c. and ending only in the real 
birth of science in the Renaissance beginning about 1550. How this 
all came to pass is a long story. The Romans did not hinder Greek 
culture, and they even absorbed it. They were, however, too busy 
conquering, civilizing, empire building and governing to devote any 
time to the further development of Greek learning. With the down- 
fall of Rome in about a.d. 410 to 450 the whole Western world was 
thrown into confusion. The Roman empire, with less than 5 
per cent of its vast population forming the educated and governing 
glasses, dissolved^ completely submerging this small enlightened mi- 
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nority in the horde of uneducated barbarians and slaves that com- 
prised the bulk of the empire. The whole of Western Europe was 
split up into a vast number of minor feudal states, all battling against 
each other. Thus, with little wealth, stability, or leisure, and with 
government in the hands of predatory feudal lords intent on war 
and plunder, even the remaining traces of Greek learning fell into 
oblivion. All man had time to do in this era was to struggle for exist- 
ence in a warring world, with hunger and death on every hand. What 
spare moments were left were devoted to activities essential for the 
salvation of man’s soul from eternal damnation. In the bitter con- 
flicts between paganism and Christianity the zeal of the early Chris- 
tians had in addition done much to destroy the Greek writings and 
manuscripts which still existed in the empire, so that Europe was by 
A.D. 600 deprived even of the opportunity of making available to 
itself the great advance made by the Greeks. 

Fortunately for the world, the conquests of Alexander the Great 
and the Romans had carried to the Arab populations east of the Medi- 
terranean the manuscripts and writings of the great Greek thinkers. 
These were promptly translated into Arabic, and thus preserved for 
Western Europe when in the eleventh century conditions had altered 
in such a fashion as to permit their further study. Through successful 
religious wars, the wealth and stability of the Arab population had 
reached such a stage that many Arabs could study and speculate on 
the work of the Greeks. While the work of the Greek philosophers 
was thus kept alive by the Arabs little was added by the latter to the 
Greek achievements. This was doubtless due to the nature of the 
Arabs, who were somewhat indolent, but probably more due to a dif- 
ferent focus of interests. The science of astronomy to the Arabs was 
not as interesting as a development of the ancient Chaldean belief 
that man’s destiny was written in the .stars. Thus we see Greek 
astronomy diverted by the Arabs to astrology. Similarly, the Arabs 
actually dabbled with chemical reactions, again, however, with a utili- 
tarian motive. This was either to transmute base metals to gold or 
silver,, or else to find the philosopher’s stone which would bring to its 
discoverer infinite knowledge and eternal youth. Alchemy became 
in the seventeenth century and later the father of chemistry, and we 
see in many of our present chemical terms such Arabian origins, as 
in the words alkali, amalgam, borax, etc. The most important contri- 
bution of the Arabs was, however, the Arabic system of numerals 
originally gleaned from the Hindus, These were developed further 
and led to an extensive application in the algebra whose development 
under the Greek system of numeration had been relatively slight. 
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The Arabic system consisted in the use of ten numeral symbols, 0, 1, 
2, 3, 4, 5, 6, 7, 8, and 9. Numbers then were reprcvsented on a basis of 
multiples of 10 by the arrangement of the figures in the order of pre- 
cedence, Thus, in the number 5342, the last symbol represents the 
units, the next the multiples of 10, the next the multiples of 100, or 
10 X 10, the next the multiples of 1000, or 10 X 10 X 10, and so on. 
Together with the use of the decimal point this gives a complete sys- 
tem of numbers whose multiplication, division, addition, and sub- 
traction is exceedingly simple compared to the same process in the 
Greco-Roman vsystem. 

In the years following the downfall of Rome the Christian Church 
became a highly centralized and exceedingly powerful organization. 
With the revival of trade and the reduction of wars the wealth and 
power of the church still further increased. It then became necessary' 
for it to develop schools and colleges where its future leaders could be 
trained. Furthermore, in the monastic organizations men could lead 
vshcltered and peaceful lives of leisure devoted to study and worship. 
Between a.d. 700 and 1100 the large universities developed under 
the wing of the Church. The contact of the Western countries with 
the Arabs through the CVusades, through trade, and through the Moors 
in Spain, led to the introduction of the Greek and Arabic manuscripts 
into these institutions of learning. There thus developed great 
ecclesiastical scholars, men of high ability and great learning who 
quickly absorbed the early Greek culture and made it their own. 
Unfortunately, these men again scorned to work with their hands and 
adopted the philosophical views of the ancient Greeks rather than 
advancing these beyond the point at which the Greeks left them. 
They were still further hampered in any advance by the fact that the 
Greek writings had to be correlated with the writings of the Saints and 
the Scriptures. This led to a peculiar type of thinking which was 
called Scholasticism and completely dominated the Medieval uni- 
versities. The influence of Scholasticism weis such that the teachings 
of the Greek philosophers, especially Aristotle, completely dominated 
these institutions and prevented them from being the origin of the 
new science which arose elsewhere in the later days of Scholasticism. 
In fact the Scholastics fought the newer learning with a bitterness 
never since surpassed in the history of science. The extent to which 
these views dominated learning in the great universities is well illus- 
trated when it is realized that even 200 years ago a student who 
doubted a single word of Aristotle could not graduate from Oxford, 
and the science of Aristotle was perhaps the most foolish of any of 
the Greek philosophers. In the time of Catherine de Medici, as Queen 
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of France, the learned medical men and scholars never touched their 
patients. The sick were treated by the barber surgeons, indeed a very 
low caste of doctors as implied by the name. The Scholastics adhered 
to the Roman system of numeration long after the Arabic system had 
been adopted in business, in science, and by the world at large (i.e., 
from 1100-1200). The result is that even after Newton’s day the 
scientific books were written in Latin, the language of the scholar, 
and to-day the chapter headings of the books are still in Roman 
numerals as are doctor’s prescriptions. 

There were, however, even in the early monastic universities occa- 
sional men who doubted Aristotle, and we find really able men, such 
as the Cardinal Nicholas of Cusa, Peter Peregrinus, and Roger Bacon 
experimenting with lenses, magnets, and electrified amber. The 
results of these investigations, however, are little available to us 
owing to their suppression inside the Church system, so that the true 
development of science was left to a new order of thinkers. 

With the resumption of trade and the increasing wealth of the 
cities and states, and with the growing wealth and centralized power 
of ruling sovereigns and princelings due to the stabilization of govern- 
ment and trade, conditions for study and research in the arts and 
sciences were revived outside of the ecclesiastical organization. Many 
of the ruling powers had their court artists, litterateurs, and scien- 
tists who were free to pursue their studies whither their fancies led 
them without restriction. Furthermore, there was developing in the 
rich merchant classes a public which could support and appreciate 
art and learning in a manner at once dignified and satisfying. Cities 
and towns as well as the rulers founded colleges and universities in 
which there was an attempt to attract the leading thinkers and in 
which the latter could pursue their thinking and teaching without 
restriction. 

It is therefore not surprising that beginning in about 1550 there 
began to arise groups of men who doubted the Aristotelian teachings and 
began to put these theories to experimental proof instead of arguing 
about them in the fashion of the early Greeks and the Scholastics. 
Among these perhaps the foremost was Galileo Galilei, whose researches 
really mark the beginning of our present scientific method of controlled 
quantitative investigation. Before Galileo there had however been 
a great thinker, who, despite the fact that he really used the older 
Greek method, had formulated an astronomical system whose influ- 
ence on the future trend of science was prodigious because of the stimu- 
lus which it gave to experiment. This was Copernicus (1473 to 1543), a 
Prussian astronpmer, who revived ancient ^strpnpinigal theory of 
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Aristarchus of Samos. Copernicus showed in a book that the existing 
astronomical data could be as well explained by assuming the earth 
and planets to revolve about the sun (heliocentric or modern theory) 
as by the theory of Aristotle that the sun and planets revolved about 
the earth on a series of crystal spheres along a group of curves known 
as epicycles. The book of Copernicus was published after his death, 
a fortunate circumstance, for it was of so revolutionary a character 
that he would probably have been martyred had he lived. The cause 
of the strife about this book lay in the fact that while Aristotle’s theory 
made the earth the center of the universe so that the abode of the 
Pope (the Vicar of God on earth) was the center of the universe, the 
theory of Copernicus placed the Pope on an entirely insignificant 
planet revolving about the sun. This was rank heresy in the eyes of 
the Church. 

Among the conclusions to which the Copernican theory led there 
was the one that the earth and planets were held in orbits about the 
sun by strong attractive forces. Such a view had a direct bearing on 
electricity and magnetism, for it led Otto von Guericke and Sir Wil- 
liam Gilbert to investigate these phenomena, respectively, with the 
hope that the attractive forces of an electrified sulfur sphere for paper 
and light objects, and of a spherical magnet for iron, might account 
for the Copernican attractive forces. Both experiments failed of 
their initial purpose, but they led to the first fundamental advances 
in the fields of static electricity and magnetism of which we have a 
definite record. 

The Copernican theory, however, itself remained no better than 
the Aristotelian theory until the televscopic investigations of Galileo 
in about 1600 showed the phases of Venus, the moons of Jupiter, as 
well as the rotation of the sun by means of sun spots. The real quan- 
titative proof, however, did not come until nearly a century after the 
death of Copernicus, when Kepler, using Tycho Brahe’s accurate 
observations, proved that the Aristotelian theory was totally incapable 
of representing planetary motion, while the theory of Copernicus suf- 
ficed to a surprising degree of accuracy if one assumed that the planets 
moved in ellipses which were nearly circular instead of in circles as 
Copernicus had assumed. The nature of the forces active was not 
determined until Newton published his Principia ” in 1687, and even 
then perhaps not successfully until the generalized theory of relativity 
in 1913 gave an even more general and more accurate description of 
gravitation. 

However, as regards the true method of science as we know it, 
we can safely say that this method began to develop, as against the 
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Greek method, when Galileo put Aristotle’s theory of the free fall of 
bodies under gravitation to test by dropping weights from the leaning 
tower of Pisa. From this time on the method of controlled quantitative 
investigation as the method for the study of Nature developed very 
rapidly in the hands of such masters as Galileo, Pascal, Torricelli, 
Huygens, von Guericke, and the Bernoullis, stimulated aLso by the 
more philosophical theories of Descartes as expounded in his “ Systeme 
du Monde.” In this book already was foreshadowed the philosophy 
of the new science. 

Perhaps a word might be said concerning the oft-repeated slogan 
“controlled (juantitative investigation.” This method of study super- 
seded the ancient Greek system of studying Nature which consisted 
of trying to determine “why” an event occurred. It endeavored to 
relegate to the background all preconceived notions as to “why 
and how nature should work” and proceeded to determine how 
Nature actually did operate in different cases by studying the phe- 
nomena cjuantitatively (so as to be able to reduce the relations 
observed to an algebraic equation). To do this in the more com- 
plicated phenomena required an experimental procedure in order to 
eliminate disturbing effects which obscured the result. This is the 
meaning of the word control in the expression used. As an example 
one might cite a study of the inclined plane. To make such a study 
we may take a cart of given weight which can be loaded with additional 
weights, jdace it on the inclined plane and fasten it by a cord to a 
scale t)an known weight on the vertical side of the inclined plane. 
Now an experimental study of the system above shows that the results 
are exceedingly irregular owing to friction. To control this trouble- 
some factor the cord may be made to pass over a frictionless pulley 
at the top of the plane. The surface of the plane can be highly polished 
and the cart provided with smooth wheels, h'urther study would next 
show that the result is also influenced by the angle of the plane. One 
must therefore begin the study by cofitrollmg the angle of the plane, 
i.e., using a fixed angle for a first series of observations. With the 
angle fixed one may add weights to the cart and find the weights needed 
on the scale pan to balance the cart. These weights must next be 
recorded together with the lengths of the inclined plane and the ver- 
tical height of the pulley above the lower end. of the plane. The 
weights can then be changed and a new balance found. A little fur- 
ther experimentation would then lead to the observation that the 
ratio of the total weights of the cart and the pan which produce a 
balance are in the same ratio as the two measured lengths. With this 
fact established one may then change the angle of the plane and 



GENERAL DEVELOPMENT OF PHYSICAL SCIENCE 


9 


repeat the process. It will be found that the new angle gives a new 
ratio of lengths, and hence that the ratio of the weights changes in 
proportion to this new length ratio. A repetition of the experiment 
for several angles then permits one to write that the ratio of the 
weights of scale pan and of cart is equal to the ratio of the vertical 
height to the length of the inclined plane within the limits of the experi- 
mental error. Algebraically this is expressed by the equation : 

IT. 

iVc l; 

where Wp — weight of pan and weights; 

Wc = weight of cart and weights; 

Lv — vertical height of plane; 

Lp = length of the plane. 

This at once establishes the law of the inclined plane as a result of a 
controlled quantitative investigation. 

The success of this method was so great that already by 1687 the 
salient facts of elementary dynamics and statics were known. The 
formal recognition of this method as the future method of science was 
acclaimed when the newly founded Royal Society of London under 
Charter from Charles II of England established this method as the 
basis of its scientific mode of procedure in 1662. This date can in 
fact be looked on as one of the most significant dates in the history of 
science, for from that time on science, especially physical science, has 
progressed with an ever-accelerating rapidity. 

Perhaps second in importance to the recognition of the future 
method of scientific study by the Royal Society was another feature 
whose significance can hardly be estimated. This was the beginning 
of the publication of its scientific proceedings. II]) to this time the 
situation as regards ])ublication and dissemination of knowledge had 
been as follows. With the Mohammedan occupation of the south- 
eastern portion of the Mediterranean the supply of papyrus (the 
Egyptian paper made of the bark of the papyrus plant pasted together) 
had been cut off in Europe and all the writings of any permanent sort 
were committed to parchment which came from split and specially 
prepared animal hides. Such parchment because of its oily texture 
cannot be used for printing. Thus all books and manuscripts were 
copied by hand, literally thousands of clerks and copyists being engaged 
in making such texts. Somewhere near 1456, to the best of our knowl- 
edge, in the workshop of one Fust in Mayence, Germany, a new proc- 
ess, printing, was invented for the manufacture of books. This 
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invention was due to simultaneous employment of three agents (paper, 
a proper ink, and block type) whose introduction was relatively novel. 
The use of paper originated in China in a.d. 105. The Chinese used a 
process for making a paper out of macerated rags suspended in water 
and run over proper flat strainers to dry. The process reached Bagdad 
in A.D. 795 and thence reached Europe about 1200. To the use of 
paper there was added by Fust the discovery of a suitable ink and the 
use of block type. The success of the method for reproduction of books 
was so great that in spite of some opposition there were by 1500 forty 
presses in action and eight million volumes had already been printed. 
Hence by the time the Royal Society was founded the development 
of printing had reached a high stage of development. The develop- 
ment of printing was in itself one of the greatest assets to the develop- 
ment of science, for it is quite certain that had it not been for the 
rapid reproduction by means of presses the then revolutionary works 
of Copernicus, Galileo and many others would have been suppressed 
by the Inquisition. Previous to the founding of the Royal Society, 
however, publication of scientific works had been a real problem. 
Most scientific workers were poor men and in order to have their 
works printed they had either to beg the money from royal and 
wealthy patrons by dedicating their books to them, or else they had 
to persuade some canny printer that the sale of their momentous work 
would bring the printer both money and fame. Hence the texts were 
long delayed in publication and poorly disseminated since modern 
publicity methods did not exist in those days. 

The prompt publication of a scientific discovery as a short paper, 
within a few months of the completion of the work, in a magazine 
having wide circulation among scientific workers revolutionized the 
progress of science. Thus, through the general acceptance of the 
scientific method and prompt publication with efficient dissemina- 
tion the rate of scientific advance was accelerated in an astounding 
fashion. To-day the scientific discoveries throughout the world are 
published in thousands of journals, and within three months after a 
discovery is announced by the pen of a worker it has spread through- 
out the scientific world so that the other workers may benefit by the 
newly discovered facts. 

Despite the rapid development of new physical facts in the period 
around 1660 one factor was lacking for a really satisfactory progress. 
This lay in the fact that while the diverse phenomena of nature were 
being properly investigated and formulated there was relatively little 
basis for coordinating quantitatively and theoretically the results in 
various fields and hence in relating phenomena in the fashion in which 
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they should be related. That is, it will be noticed that many phe- 
nomena, to-day closely correlated, were treated as separate phenomena 
for lack of a consistent system of units and a uniform mode of rela- 
tion and expression. This will be seen in the work on electricity and 
magnetism preceding 1750. 

At the age of twenty-one a young English physicist, born in the 
year in which Galileo died, had the keen insight to arrive at a general 
formulation of the laws of mechanical action. This man was Isaac 
Newton. Owing to certain discrepancies between theory and experi- 
ment, which were used as the basis of a crucial check of his method 
of formulation, Newton did not publish his general scheme until 
1687. The discrepancy as it turned out lay in an error in the meas- 
ured radius of the earth and not in the theory, so that when a new 
survey of the earth was completed it was found that the theory and 
observation agreed as well as could be expected and Newton’s “Prin- 
cipia” appeared in 1687. The theory was readily acclaimed in England 
but it took vsomc years before the world as a whole accepted it and the 
methods of generalization to which it led were widely applied. The 
general acceptance can be seen by the introduction of the quantitative 
method in electricity and magnetism by Cavendish and by Charles 
A. Coulomb in 1780-1789 during what we shall call the static period. 
These investigations give an excellent example of the importance of 
Newton’s contribution, for by means of the forces as defined in the 
Newtonian system Coulomb was enabled to formulate a definition 
of unit electrical quantity and unit magnetic pole, which could be so 
related with other mechanical phenomena that the whole of electricity 
could be expressed in simple and measurable mechanical terms. 

The basis of Newton’s generalization lay in the definition and for- 
mulation in a precise and measurable manner of two quantities — 
inertia, or mass, and force — by means of Newton’s three famous laws 
of motion. The remarkable power of these laws and their influence 
on our thinking is little realized even by the student of physics. How- 
ever, a survey of the development shows that from 1700 on until 1900 
the whole development of physics depended on the interrelating of 
various phenomena with each other by means of the Newtonian 
mechanical system. This period of development of the Newtonian 
system can be well divided into about three sub-periods. In the first, 
while correlation and test of the Newtonian laws as applied chiefly 
to mechanics was going on, other phenomena such as electricity, 
magnetism, heat and light were studied only as isolated and widely 
separate subjects in a qualitative way. From about 1750 on we see 
a general development involving the quantitative development of 
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these fields, the new forces and experiences being measured and defined 
in terms of mechanical actions as indicated by Newton’s laws. This 
led to a wealth of quantitative material so related that it was avail- 
able for far greater generalization than could have been otherwise 
dreamed of. From 1850 on we see these remarkable generalizations 
taking form and reaching their height during the last years of the 
nineteenth century. These generalizations perhaps began with the 
atomic theory and the doctrine of conservation of matter (Lavoisier, 
1780-1790) but more so as a result of the discovery by experiment 
and generalization of the principle of conservation of energy. It is 
of interest to note that Joule in his experimental test of this principle 
used the mechanical calculation of electrical energy made possible by 
the Newtonian definition of electrical forces. The principle of con- 
servation of energy applicable to all systems enunciated by Mayer and 
Helmholtz was followed in 1850-1851 by the second law of thermo- 
dynamics enunciated by Clausius and Kelvin, and in 1865 by the 
Maxwellian formulation of electrodynamics. These generalizations 
led to a remarkably complete description of the whole of the physical 
phenomena then known in terms of a beautifully coherent system 
based entirely on the fundamental axioms of Newton. It was then 
not surprising that leading physicists in 1890 should have said that 
our knowledge of physics was complete and satisfying and that fur- 
ther discovery lay only in the fourth significant firure. This 
complacency of the physicist was soon to be completely shat- 
tered, for already in 1895 x-rays were discovered, and with them 
came untold grief for the complete and satisfying Newtonian uni- 
verse. 

The effect of Newton’s laws was even more far-reaching than the 
mere mathematical formulation of all nature into an apparently con- 
sistent .system. These laws and their implication colored the whole 
philosophical attitude of the physicist. We have seen the manner in 
which the Greek question “why” relative to Nature was modified to 
a question “how,” limited to a quantitative description of a phe- 
nomenon. Already in the time of Galileo, Descartes developed a com- 
pletely new philosophy based on this newer aspect of investigation. 
This was the well-known mechanistic picture of the universe which 
played so important a role among the great French liberal thinkers 
who set the stage for the French Revolution. Had the answer to the 
question “how” as placed by Galileo and the earlier workers remained 
as it was we would perhaps have been spared the great difficulty which 
faced physics in the period from 1900 to 1927. Unfortunately, the 
question “how” asked of Nature did not remain just a question 
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answered by an equation as derived by a specified controlled quanti- 
tative investigation. Instead, with the adoption of Newton’s laws it 
became a definitely modified question ‘‘how.” For following the 
appearance of the ‘‘ Principia ” the question was always “how is this 
phenomenon explained or described in terms of Newton's laws}'' As 
soon as a new phenomenon could be reduced to equations of a New- 
tonian character and thus related to all the rest of physical knowledge 
the physicist went away with the happy feeling that the phenomenon 
was “explained.” The term “explanation” used, however, always 
implied more than the physicist should have admitted, for he should 
have added to the word “explained” the limitation “in terms of New- 
tonian mechanics.” This subtle error led to very naive blunders in 
physics, for towards the end of the nineteenth century many of the 
most distinguished physicists attempted to “explain” the action of 
light in the ether and in substances by means of rough mechanical 
models of weights, springs, and frictional elements, whose mechanical 
equations roughly approximated the electromagnetic wave equations 
but whose action was fundamentally utterly different. Raised in the 
atmosphere of the Newtonian mechanical concepts the whole of 
physical thinking was colored by these concepts, and implied in these 
was an absoluteness and a rigidity of thought and formulation which 
boded ill for the future. 

Already by 1900 discrepancies between the energy radiated by hot 
incandescent bodies and the theoretical deductions of the intensity 
of radiation on the basis of classical mechanics and electrodynamics 
were discovered, and the birth of the quantum theory of light emis- 
sion in the hands of Max Planck caused some concern. Then in 1905 
came Einstein’s special theory of relativity, which threw down the 
gauntlet to Newtonian mechanics as initially formulated. This was 
followed by Einstein’s general theory of relativity, which received four 
striking experimental verifications by 1919. In this development it 
was seen that Newton’s laws were but a first-order approximation 
to far more accurate and general laws, and that Newton’s laws broke 
down completely when bodies began to move with velocities compar- 
able with that of light. With this theory the crude mechanical ether 
based on Newtonian explanation and the theories of Maxwell vanished 
completely. All that remained were accurate mathematical formula- 
tions of a very general nature which more accurately represented 
Nature than had Newton’s concepts. 

Next came indubitable proof of the quantum nature of light in 
the photoelectric emission (i.e., emission of electrons by light and 
x-rays) followed by the complete breakdown of classical electrody- 
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namics in the exchange of energy between rapidly moving electrical 
charges and atoms. These results came as a consequence of the beau- 
tiful experiments of Millikan, and Franck and Hertz. They were most 
disturbing, but the crowning difficulty came with Compton’s discovery 
that short wave-length light waves (x-rays) collided with the free 
minute spherical electrons, as conceived on the Newtonian viewpoint, 
as if the light waves themselves were bullets. This was a most serious 
difficulty, for all our knowledge of light indicated it to be an electro- 
magnetic wave motion, and x-rays were certainly, like light waves, 
such electromagnetic waves. Something was obviously radically 
wrong somewhere. 

In 1926 to 1927 a group of several mathematical physicists inde- 
pendently began to .solve the difficulty. These men were Heisenberg, 
de Broglie and Pauli, Schroedinger, and later, Dirac. They showed that 
our naively pictured spherical Newtonian electron should be replaced 
by a complex set of mathematical equations which depended on the 
state of the electron. These equations enabled the electron, under 
circumstances where it reacted like a particle, to be represented by 
such an analogy, and in circumstances where it encountered and reacted 
with light waves to act like a complex wave motion. With the experi- 
mental proof of the correctness of these view by DavivSson and Germer, 
Thomson, Rupp, and most elegantly and completely by O. Stern and 
his collaborators the faith in the new revolutionary developments 
was established. With this confirmation of the wave mechanics, as our 
new method of physical formulation is called, the physicist has been 
cured of his naive error in the blind acceptance of a mechanical uni- 
verse based on Newton’s laws. Exactly what form the new philosophy 
of physics will actually take one cannot predict. All that can be said 
is that “explanation” in physics will no longer be limited by the 
Newtonian law, and that in its place the phenomena will be described 
as closely as possible by the accurate and involved expressions of the 
wave mechanics, relativity, or similar formulations, with the probable 
added restriction that even these may be only approximations to still 
more complete and accurate expressions yet to be discovered. What 
we can then hope to do is to measure and describe as best we can by 
means of the method of controlled quantitative investigation the 
phenomena of Nature and to formulate thevse in the most convenient 
general systems of representation which we have at hand. These will 
enable us to predict with some probability of success the behavior of 
our system under various conditions, and will enable us to further 
investigate and control it. They will also enable us to utilize the phe- 
nomena in one way or another to improve the condition of man on 
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earth by furnishing new comforts, luxuries and conveniences as to 
material civilization. 

Before turning to the detailed development of electricity and 
magnetism which can be outlined against this general background a 
few general comments might be made. It must be seen from what has 
gone before and what will follow that in each period the possible dis- 
coveries much depended on the general state of knowledge at that 
period. Thus it was to be expected that the discoveries of Coulomb 
and of Cavendish should have come within the period say 1730-1800, 
and that Maxwell’s brilliant generalizations must have been due to 
arrive after the careful quantitative discoveries of Faraday and at 
about the same period as the generalizations of Helmholtz, Clausius 
and Kelvin about energy. It is thus seen that a discovery is made at 
a time when conditions are ripe for the discovery, or in other words 
that a given discovery is "'in the air” at the time when it is made. It 
is thus merely a chance that the discovery is made by a given man, 
and many a discovery is made independently and nearly simultaneously 
by several men. Cases are on record (such as the discovery of absolute 
0 of temperature by Amonton in 1700 or of the mechanical nature of 
heat by Davy, Rumford and others in 1800, perhaps a hundred or in 
the second cavse thirty years before the accepted date of discovery) 
where a discovery is made by chance before the time is ripe. In gen- 
eral, however, the man making an important advance in a given field 
is the man who is most actively engaged in an intelligent research in 
the field at the time when the stage is set for the discovery. An excel- 
lent example is the discovery of x-rays by Roentgen, of electromagnetic 
induction by Faraday, or of the clectromganetic waves by Hertz. 
Sometimes the great discoveries are made by accident by relatively 
inferior men, as perhaps was the case with the discovery of the mag- 
netic effect of a current or of the phenomenon of radioactivity. Thus 
the greatness of a scientific discovery does not necessarily indicate 
genius in the discoverer. The test of greatness rather lies in a man’s 
seeing a relation clearly long before it is seen by others and working 
it out accurately and completely before it is handled by others. Per- 
haps the truest test of ability is the successive discovery of several 
important and far-reaching facts by a single man. On this criterion 
men like Galileo, Huygens, Newton, Ampere, Thomas Young, Fara- 
day, Clausius, Maxwell, Rutherford, Bohr and Einstein could most 
easily be classed as the greatest leaders in physical thought. It might 
be added that to-day with the remarkable interest, facilities and num- 
ber of workers in scientific fields, together with the rapid publication 
and dissemination of knowledge the competition is so keen and the 
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rate of advance is so rapid that it is almost impossible to credit great 
achievement to any one man. There is hardly an important problem 
attacked in which at least two men are not working along closely 
parallel lines and in w hich the results are not published nearly simul- 
taneously. The recent theoretical and experimental proofs of wave 
mechanics furnish an excellent example of this, for it is almost impos- 
sible to find any unanimity of opinion among scientists as to who 
deserves the chief credit for these spectacular advances. 

The appalling rate of increase of physical knowledge might lead one 
to ask whether this accelerative increase of scientific production will 
go on indefinitely. The acceleration is due to the fact that the more 
facts there are knowm, the more analogies we have to build on, and 
the more facts to correlate, the more rapid advance will be. It 
is, however, conceivable that the time is approaching when the new 
facts found will accumulate so rapidly that the single human mind 
will not be able to hold enough facts to make use of the new corre- 
lations. The result will be that the rate of gain of knowledge will 
reach a steady state, the limitation being that produced by the incapa- 
bility of the human mind of grasping more than a certain number of 
facts at once. 

2. THE DEVELOPMENT OF ELECTRICITY AND MAGNETISM 

With the above remarks w^e may proceed to a more detailed study 
of (he development of electricity and magnetism. To facilitate the 
study we can consider the development as divided into .seven general 
periods. Tliese begin approximately in the great period of develop- 
ment of the scientific method starting with Galileo. Inasmuch as 
electrical and magnetic phenomena are more complicated to study 
and to observe than the simpler mechanical problems attacked by 
Galileo it is not strange that these fields should have begun somewhat 
later. In fact it is quite easy, neglecting the development of electricity 
and magnetism in the Greek period which was trivial, to start our his- 
tory with the first extensive qualitative investigation of magnetism. 
The seven periods into which electrical and magnetic advance may 
be divided are as follows : 

a. Static Period, 1600-1799, and divided into: 

1. Qualitative Period. 

2. Quantitative Period. 

fe. Electrical Current Period, 1799-1831. 

c. Electrotechnical Period, 1831-1865. 

d. Systematic Period, 1865-1897. 
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e. Atomic Period, 1897-1919. 

/. Quantum Theory and Relativity Period, 1919-1927. 

g. Wave Mechanics Period, 1927 — . 

a. The Static Period, 1600-1799. — This period begins in 1600 
with the publication of the first experiments on magnetism, generally 
attributed to Sir William Gilbert, physician to Queen Elizabeth, in 
his book “ De Magnete,” and extends through the early qualitative 
experiments on electricity through the quantitative measurements 
of frictional clectricty under Coulomb up to the publication of Volta’s 
discovery of the Voltaic pile in 1799. The discovery of the Voltaic 
pile marks the beginning of a new period in electricity, i.e., the period 
characterized by the development of the study of electrical currents 
by their magnetic effects as a separate type of electrical phenomena. 
The two types of electricity while actually recognized as of the same 
origin were however not clearly related until the relations of the elec- 
trostatic and electromagnetic phenomena were established by the 
work of Weber and Maxwell in about 1845 to 1865. 

While in general wSir William Gilbert’s book is acknowledged as 
one of the forerunners of the new method of scientific investigation 
and contains the essential qualitative phenomena of magnetism, except- 
ing those dependent on electrical current, the recent evidence seems 
to indicate that Peter Peregrinus in 1269 in his book ‘‘ De Magnete 
had anticipated several of the important discoveries of Gilbert. Pere- 
grinus was one of the Scholastics and the early development of the 
true scientific method of research in this period must be classed with 
the early experimental work of Archimedes, 287-212 b.c., as quite 
anomalous. Peregrinus made a large spherical magnetic lodestone and 
by means of small magnets showed that this sphere had two poles 
and that lines of force like meridians radiated from the poles. He 
showed that iron had magnetism induced in it by the proximity of a 
magnet, and that like poles repel and unlike attract. He also explained 
the earth’s magnetism in terms of his sphere. He further showed that 
broken magnets are still magnets, and stated his belief that magnetism 
of bodies on the earth is due to the earth’s field. 

Gilbert’s book appeared in 1600 and antedated Galileo’s book on 
the methods of the new science. It was quoted by Galileo and Kepler, 
and Hoppe regards Gilbert and not these latter as the founder of the 
new scientific method. It is also claimed that Descartes was very 
much influenced by this book. The investigations leading to the book 
were the result of Gilbert’s desire to prove the Copernican theory. 
Gilbert extended the discoveries of Peregrinus and showed the dip 
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of the magnetic lines. He found that heat destroys magnetism and 
that jarring a steel body in a magnetic field induces magnetism. He 
showed that magnetization seems to be increased by extending the 
poles so as to approach each other. He distinguishes the difference 
between the attractive forces on magnets in an inhomogeneous field 
and the directive action on the magnet of a homogeneous field. He 
characterized declination, and dip or inclination. He attributed the 
earth’s magnetism to iron ores in the earth, and showed again that 
magnetization does not increase the weight of a magnet. The devel- 
opment of magnetism from the time of Gilbert until the measure- 
ments and definition of magnetic pole strength as a result of Cou- 
lomb’s experiments in 1785 was practically at a standstill. This is not 
strange, as Gilbert had probably developed magnetic studies qualita- 
tively as far as was possible until the Newtonian mechanics made 
further quantitative study possible. In the second part of his text 
Gilbert treated of electricity. The Greeks had only inaccurately 
observed electrification of amber and some other unknown substance, 
lynkurion (probably jet). Even the electrification of the second sub- 
stance had been forgotten. In this part of his book Gilbert calls the 
phenomenon electrical, and distinguishes between substances which 
are electrical and which are not electrical, i.e., which cannot be elec- 
trified by the hardest rubbing. He uses his idea of the magnetic dip 
needle to measure and test for electrification, thus inventing the first 
crude electroscope. The effect of air moisture on electrical phenomena 
was noted as well as the discharge of a charged body by a flame. He 
also points out clearly the difference between electricity and mag- 
netism. 

From this point on until 1671 there was little or no experimental 
progress in electricity, and the theoretical speculation of the workers 
Cabeus and Kircher was ludicrous. The next experimenter in elec- 
tricity was, like Gilbert, led to the investigation by the Copernican 
theory. This was Otto von Guericke, the Mayor of Magdeburg, who 
is best known for his work on air pressure. Von Guericke’s progress 
was due to his development of a new electrical machine. He cast a 
sphere (i.e., like the earth), of sulfur, mounted it on a lathe and rubbed 
it with the dry hand. The electrification so produced was large enough 
to give much greater latitude to experimentation. • He showed the 
attraction for light objects including water drops which vshattered 
before they struck the sphere. He showed that the attraction was 
transmitted over six feet of linen cord. If the light objects attracted 
to the sphere were allowed to touch it they were repelled until they 
had touched another body. A feather brought near the sphere showed 
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electrification. If the feather was touched and the hand removed it 
was repelled and the fibers stood straight out. On touching a neutral 
body the feather became limp again until it approached the sphere 
without touching. This was the first observation of induction. He 
also observed the discharge by a flame. He next observed the noise, 
and the light of the sparks at night. Most of these fundamental dis- 
coveries were forgotten and attributed to others. Conduction was 
later rediscovered by Gray (1729) and in the same way induction was 
attributed to Du Fay (1733), while the discovery of the sparks was 
attributed to Wall in 1708. This perhaps is unjust, but it must be 
remembered that at these later dates the rediscovery of these facts 
resulted in a rather exhaustive study and, in general, a correlation with 
other effects which served to fix them in mind. However, even in 
interpretation, Guericke was well ahead of his time. He noted that 
the attractive and repulsive forces varied with the distance and fell 
to 0 at greater distances, and he actually differentiated the concept of 
force from that of material bodies. In fact, in this direction, he was 
far ahead of the later workers, even including Newton, whose elec- 
trical speculations were rather weak. 

Following Guericke, further advances were made by Robert Boyle, 
who was aware of Guericke's work. Thus, while Boyle confirmed some 
of Guericke's experiments he found little new except that the attrac- 
tions occurred in the absence of air as well as in air. To Boyle the use 
of his new air pump was always a source of great amusement. It is 
not strange then to find Boyle's name coupled with early investiga- 
tions in many fields in which the phenomena were tried in vacuo, 
Boyle placed everything from bells and rubbed amber to mice under 
vacuum and studied the effects. At times the results were of consid- 
erable importance and other times more messy than interesting. 

By 1708 Wall had observed long sparks drawn by his finger from 
amber rubbed with wool and had definitely compared them to thun- 
der and lightning. This early guess, as to the identity of lightning and 
the electrical spark, received unsuspected support at about this time 
by the discovery in changes of magnetization of steel bodies subjected 
to the proximity of lightning discharges. At the same period we find 
Hawksbee’s study of the first '‘electric light" as it was called. In 
1705 Hawkesbee found that if the sealed end of a barometer tube 
filled with mercury was tilted back and forth so that the mercury 
moved inside, a peculiar faint light moved up and down in the tube 
with the mercury. He showed by a brilliant series of experiments that 
it came from the frictional electrification, and proved that electrical 
discharges outside produced the glow observed inside. 
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In 1729-1731 wStephan Gray repeated Guericke’s experiments and 
found that under proper conditions the electrification from the sulfur 
sphere could be conducted some fifty feet or more by a linen thread 
and detected. His success lay in the use of insulating silk threads in 
suspending his long moist linen string, an idea suggested by Wehler. 
The idea of insulation being brought to his attention he insulated a boy 
on a proper device and found that he became electrified by the approach 
of a charged glass sphere (Gray used glass instead of sulfur), thus 
rediscovering induction. From then on boys became splendid sub- 
jects for experimentation of this sort. The discovery of insulators led 
to the use of horn and other resinous substances for insulation. The 
real contribution of Gray was thus less the rediscovery of conduction, 
than the di.scovery that electrification could best be studied by the 
use of insulators. He was therefore led to distinguish materials as 
conductors or non-conductors (insulators) of electricity. The non- 
conductors were found to be electrified by friction. Gray also distin- 
guished electrical brush discharge from sparks, and that the surface 
rather than the mass of a body was of importance in electrical phe- 
nomena. 

Contemporary with Gray’s work in England there was perhaps a 
more distinguished and certainly more brilliant investigator in France 
engaged in work along similar lines. This was Du Fay. He repeated 
and extended Gray’s experiments, suggesting that probably even metals 
could be electrified by friction if they did not lose their charge by 
conduction. He believed conductivity to be possible over indefinite 
lengths. For experiments he also used boys and improved somewhat 
the insulation suggested by Gray. He used the repulsion of two light 
metal foils as a test for electrification, a more sensitive modification 
of Gilbert’s electroscope. With a further improvement of the electro- 
scope he discovered that resinous bodies rubbed with wool repel each 
other, but are attracted by vitreous (glassy) substances rubbed by 
silk, the glassy substances repelling each other also. This led at once 
to the recognition of the two types of electricity, vitreous and resinous, 
and that like electrification repels while unlike attracts. This discovery, 
together with induction, and the discovery of the Leyden jar in about 
1745 led Du Fay to postulate that there were two weightless electrical 
fluids, resinous and vitreous, and that neutral bodies carried equal 
amounts of both. This theory was assailed by Franklin, who opposed 
the one fluid theory which was finally adopted. 

In the meanwhile the crude electrical machines of Guericke and 
of Gray were improved first, by replacing the hand with a leather 
glove, next by using metal collectors, and then by using Leyden jars 
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for accumulating the charge. By 1755 the use of rotating glass 
discs was already introduced so that by 1786 quite satisfactory sources 
of static electricity were available. 

In 1745 the prelate von Kleist in Pomerania discovered that the 
electricity from a charged sphere could be stored in a bottle if it con- 
tained copper wire or mercury and the latter were brought in contact 
with the machine while the bottle was held in the hand. From Berlin, 
where this was shown before the Academy, the Burgomaster Gralatt 
of Danzig took his cue and attempted to repeat the experiments. 
There were some difficulties at first and the news did not get beyond 
the German border. Meanwhile in Holland von Musschenbrock had 
a year later, 1746, independently made the discovery so that it reached 
France through the Abbe Nollet before von Kleist’s earlier discovery 
was heard of. Naturally, the peculiar power of storing electricity in 
a bottle or a jar coated inside and outside with a metal coating, which 
was not in contact, became associated with von MuSvSehenbroek and 
his native town of Leyden, Holland, and accordingly was perhaps 
erroneously called the Leyden jar. At about the same time Gralatt 
found the weaknevss in Kleist’s experiments, and substituting metal 
or an outside covering for the hand he got results similar to the results 
in Leyden. The Leyden jar, however, does not seem to have led to any 
great advance comparable with the interest which it aroused. Its 
chief value was its ability to accumulate larger quantities of elec- 
tricity than was previously possible and that it brought home clearly 
once and for all the idea of the electrical circuit. It further played an 
important role in the controversy between Du Fay and Franklin about , 
the nature of electricty. Franklin believed that neutral bodies carried . 
a normal amount of electricity. Any excess of vitreous (positive) ! 
electricity caused a body to be positively charged, while a lack of the 
weightless positive electrical fluid left bodies with a lack of electricity 
(i.e., a negative or resinous charge). No decision between the one and 
two fluid theories could be reached at that time but public opinion 
gradually swung over to Franklin’s point of view after the time 
of Faraday. To-day we know that both views were only partly 
right. 

In 1746 Le Monnier measured the speed of travel of electricity in 
a wire and concluded that it was very high. During this same period 
Franklin was beginning some of his electrical experiments. At first 
his experiments were conducted as parlor tricks to amuse his friends. 
This had been the fashion in the Paris salons of the period. Later, 
however, he carried on his experiments more in earnest. His studies 
occupied themselves largely with the nature of lightning. It was sus- 
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pected that raindrops carried an electrical charge, and based on the 
assumed correctness of vsome inaccurate observations, Franklin pro- 
posed a theory of thunder showers. He was convinced that lightning 
was an electrical spark on a large scale. He further made use of an 
idea by then well known that sharp points discharged electricity and 
proposed to neutralize the electricity in clouds which caused lightning 
to strike by the use of sharp points on grounded conductors. This is 
one of the superior methods to-day in protection against lightning. 
He proposed to set a man on an insulated stool and with a sharp, 
pointed conductor sticking out through the roof of a hut detect the 
electricity discharged by the rod to the cloud by observing the result- 
ing residual charge left on the man by the sparks from the point. The 
proposal was made in 1750, and in 1752 d’Alibard in Marly, France, 
tried the experiment. The same experiment resulted in the death of 
Richmann in Petersburg, who was electrocuted by too heavy a dis- 
charge. In the meanwhile Franklin tried the still more dangerous feat 
of drawing electricity from the clouds by a kite string. As long as 
the string was dry he got no charge but as the rain moistened the string 
he drew down enough electricity to give sparks and to charge a Ley- 
den jar which then could be discharged at will. He further proved the 
existence of the electrification by utilizing the charge on the jar to 
ring the first electrostatic electrical bell described in Figure P 21, 
which had been discovered by Gordon in 1741. While Franklin’s 
proof of the identity of lightning and electricity produced by friction 
was not of great theoretical importance for the study of electricity, it 
was perhaps, in its psychological effect, one of man’s greatest triumphs. 
For it showed that by the new scientific method one could study and 
in a measure control one of nature’s most splendid and at the same 
time, terrifying phenomena. Thus the much-feared thunderbolts of 
Jupiter were reduced to a mere laboratory phenomenon, a fact which 
did wonders in liberating mankind from the superstitious dread of 
Nature, and showed him that by perseverance he might himself aspire 
to a real conquest of Nature. The proof given by Franklin further 
led to the development of the lightning rod, which in its essence has 
not been improved to-day, and which has saved many a home from 
destruction. 

Around 1750 the development and general acceptance of Newton’s 
mechanical system had begun to bear fruit and we find attempts 
made to measure electrical effects quantitatively by means of the 
mechanical action of electrical forces. The work of Waitz, 1745, of 
Ellicott and Gralatt, 1747, and of Abbe Nollet was directed to this 
end in attempting to balance the repulsive forces of charged bodies 
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by gravitational forces. Why it was that these experiments did not 
lead to a fruitful revsult is not clear. Perhaps the mechanical analysis 
was beyond the ability of the workers and perhaps the control of the 
experiments w^as not sufficiently developed. However, in the periods 
following these attempts there were developed several devices by which 
the repulsive forces could be measured. One of them, due to Henley, 
was the first quadrant electrometer, an instrument now used to meas- 
ure small potential differences. The equations involved were, how- 
ever, too complicated to lead to any fundamental laws. Volta, in 1781, 
enclosed the light straw leaves of the early electroscope in a vessel 
free from air currents and used a scale to measure their deflection. 
He therefore perfected the electroscope. Here again the theory was 
too complex to lead to any progress. In 1787 Bennett used gold leaves 
instead of straw for this purpose, thus perfecting what is virtually 
the modern form of the gold leaf electroscope. The electroscope was 
also improved by Bennett to be used with the potential multiplier 
described on page 210. The role of this instrument was important 
early in the study of the galvanic cell as it enabled Volta to prove the 
identity of his electrification from the Voltaic pile and static elec- 
tricity. 

The really successful first quantitative study of electricity pub- 
lished was due to Charles A. Coulomb. That he should have suc- 
ceeded where others failed is not strange. He had been led in 1779 
through a study of the deflection of a compass needle to a study of 
what is known as the torsion balance. This instrument consisted of a 
rigid bar suspended horizontally at its middle by a vertical cord or 
wire. He studied the twist produced in this suspension by means of a 
given force applied to the end of the lever arm (i.e., the deflection or 
twist produced by a known torque, see section 14). He measured 
the deflection or twist by the displacement of a beam of light reflected 
from a mirror placed on the vertical axis of the bar. Having accu- 
rately derived the mechanical laws of his torsion balance (i.e., as it 
depended on the length, diameter and material of the suspension) he 
had a new mechanical measuring device whose mechanical proper- 
ties in terms of forces and distances he could discuss and analyze 
clearly. In 1785 he turned this device to the measurement of electri- 
cal and magnetic forces. In the electrical case he hung a charged body 
at one end of the horizontal rod and tested the twist produced by an 
equal charge on another body of the same size placed at various dis- 
tances from the charged end of the rod. The deflections read off could 
at once be interpreted in terms of forces. He quickly discovered, as the 
result of a series of experiments, that the force between electrified 
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bodies could be expressed in terms of an equation f = k where k 


was a constant dependent on the units of force, r the distance between 
the centers of the tw^o charged bodies, / the measured force and q and 
q' magnitudes expressing or characterizing the degree or state of elec- 
trification of the spheres. This at once defines electrical quantity, 


for if q and q' be made equal by touching the two bodies then 


fll 

k ' 



The unit of charge or electrical quantity is then at once 


obtained from conditions that make / = 1, fe = 1, and r = 1, for 
then q will be 1. This work of Coulomb’s was the first published 
investigation which gave a definition of unit electrical quantity (a 
similar law was found by Coulomb for magnets where q and q' were 
replaced by m and m' representing the magnetic pole strengths of 
the magnets). It is said that Priestley, in 1767, had guessed that the 

force between charges should vary as ~r, and Michell in 1750 follow- 


ing the experimental results of Musschenbroek had deduced the law for 
magnetic forces. Independently, Tobias Mayer, 1769, and Lambert 
in 1766, had claimed to have discovered the same law. However, the 
complete and accurate experiments of Coulomb bring him the credit 
for the work which he apparently justly deserves, for it was his experi- 
mental work that definitely establi.shed the law. Years later Max- 
well in 1879 published the notebooks of a queer scientific recluse 
named Cavendish. Cavendish, a man of wealth and leisure, carried 
on experiments on electricity and magnetism and on many allied sub- 
jects. For some strange reason he had wseen fit to publish but two of 
his works, one of them being a direct determination of the gravitational 
constant as a result of the attraction of large masses for smaller ones 
suspended in a torsion balance in 1798. In these notebooks it was 
found that perhaps six to ten years before Coulomb Cavendish had 
discovered the law of electric attraction (i.e., that / was proportional 

to by means of a very clever piece of reasoning based on experi- 


ment. Since these results were buried and made unavailable to science 
the credit really goes to Coulomb and we can set 1785 to 1789 as 
the proper date for the quantitative beginning of electricity and mag- 
netism. 


With the discovery of the law of force the whole field of static 
electricity could quickly be coordinated with the already highly devel- 
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oped body of information based on Newtonian mechanics. Thus 
in a relatively short period the mathematical physicists Biot, La Place 
and Poisson developed the field of static electricity quite extensively. 
These men were active in this field towards the end of the eighteenth 
century and until the end of the first third of the nineteenth century. 
It was, however, only in the systematic period, together with other great 
laws of physics that the finer definitions and advances were made. 

b. Current Period, 1799-1831. — ^The second period of develop- 
ment begins with the discovery of the Voltaic pile or galvanic cell as 
a new source of electricity in about 1799 and extends to the time of 
Faraday’s discovery of a third source of electrification in 1831. The 
period while containing the further development of static electricity 
was entirely colored by the new source of electricity and the further 
knowledge to which it led. 

The train of circumstances which led to the discovery of the 
Voltaic pile is most interesting. Even in the time of the ancients the 
power of certain fish to inflict a painful shock of .some .sort when 
touched in the appropriate places (top of the head and underside of 
the body) had been well known. One of these was the electric or 
torpedo ray and later the electrical eel. It appeared that Adamson 
brought one of these electric fish, Silurus electricus, to London from 
Africa in about 1751 at a time when the discharges from the Leyden 
jars were being frequently demonstrated in the salons and academies. 
The analogy of the sensations produced by the fish and the jar at once 
led to the belief that both effects were of the same origin and the fish 
were called electrical. In 1773 Walsh showed that the shock was 
obtained only by contact at certain points. He then isolated the 
electrical organs in the head of the ray and obtained further proof 
thr.t the effect was in close analogy to electricity in its behavior. It 
was not however until 1837 that Linari showed the electrical nature 
of the effect by charging an electroscope from the fish. However, this 
work excited a great deal of interest at the time. Among the men 
interested in this animal electricity was an Italian physiologist, Gal- 
vani. It happened in 1780 that while he was demonstrating a nerve- 
muscle preparation of a frog’s leg another group of students was 
working with a static machine nearby. One of Galvani’s students 
noticed when the nerve was touched by a metal instrument the muscle 
twitched every time there was a spark in the static machine. It was 
quickly found that the electrical discharge directly caused the effect 
and the fact was still further corroborated when the nerves were hung 
out on wires exposed to the effect of electrical storms or clouds, as 
Franklin’s work led one to expect. It was further observed that 
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neither the electrical machine nor the clouds were needed. A twitch 
in the leg could always be produced by touching two dissimilar wires 
together at one end and placing the other ends in contact with the 
nerve. Had this been the sole effect Galvani might have been led 
to reap the reward of his own discovery. However, it was also found 
that a piece of iron or copper alone would produce the twitch under 
some undefined conditions, if the two ends touched the nerve. This 
fact disconcerted Galvani and he believed the effect was due to a 
discharge of the electricity from the nerve muscle system through the 
wire, or some such electrophysical action. One or two of the many 
subsequent observers still believed that the metals produced the 
effect, but most workers, including Volta, a friend of Galvani, inclined 
to Galvani’s viewpoint as late as 1791. Volta, however, continued his 
investigations, using a different set of tests. He repeated some earlier 
studies of Sulzer dating from 1754, in which he tested the effect of 
these wires by applying them to the tongue, or to the lips on the one 
hand and a moistened contact above the eyes on the other. The first 
produced a taste sensation, acid-like at one metal, alkaline at the 
other. The second stimulated light sensations in the eye. With these 
tests Volta quickly classified the different metals into groups as regards 
their effect. He also found that a wire of a single substance was 
ineffective unless the two ends were rendered different by different treat- 
ment (i.e., one end hot, the other cold; or one end hardened, the 
other soft, etc.). By 1794 he had definitely placed the seat of the 
action in the metals. He then used the multiplier and electroscope 
and showed that contact of the two metals actually produced elec- 
trification (1796). Between 1796 and 1799 Volta succeeded in show- 
ing that the effects occurred when moist rags with conducting solu- 
tions of salts were placed between the two metals, and that the effects 
became even more powerful if a series of alternate plates of dissimilar 
metals (e.g., Zn and Cu) were placed in a pile with wet cloths between 
them. This was the famous Voltaic pile or galvanic cell. Volta sent 
a report of this discovery in 1800 to Banks in England who turned it 
over to Carlisle for publication in the Royal Society. Carlisle kept 
the note and together with Nicholson repeated the experiments and 
published them as their own experiments before they published the 
letter of Volta. This cheap trick availed them little, for Volta's dis- 
covery had reached the world through other channels and Nicholson 
and Carlisle have throughout history been branded as scientific thieves 
and cheats, an unenviable reputation indeed for a little false glory. 
At once the whole scientific world was constructing Voltaic batteries 
and studying the new effects possible by their means. 
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That the discovery was “in the air” even before the publication 
is evidenced by the fact that a German chemist, Ritter, had observed 
in 1799 that the two wires of different metals touched together at one 
end caused an evolution of gases when the free ends were introduced 
into a drop of water. Even in 1796 Ash had noticed the electrolytic 
corrosion of metals in contact in a salt solution. Ritter, by 1800, showed 
the gases to be oxygen and hydrogen and thus first observed the phe- 
nomenon of electrolysis. He also observed the deposition of copper 
from solution by the two wires. He connected this with the physiologi- 
cal action and developed a type of galvanic chain or cell. By 1801 
Ritter had developed the idea of a series of solution tensions (page 150). 
This potential series of elements as regards their activity in cells was 
later also independently discovered by Volta and made the subject 
of a long series of experiments. It is known as Volta’s electromotive 
series. Thus the peculiar electrical activity of nerves had done their 
work and the physicist had a new group of phenomena with which to 
play, and to discover even more remarkable fiicts. 

Already, by 1808, Humphry Davy showed that beyond the simple 
electrolysis of salts in solution, discovered by Ritter and others, the 
supposedly elementary alkalies of Lavoisier could in the molten state 
be electrolyzed. Thus he discovered sodium and potassium. In 1810 
the actual transportation of the urns in solution in animal tissues had 
been looked for by Wollaston and in 1816 Porret’s experimental obser- 
vations of this transport were first published. Other researches led 
to an improvement of the Voltaic piles or galvanic cells and a Hearer 
understanding of the shortcomings of these batteries, including such 
effects as polarization, etc. 

In another direction, however, investigations were even more fruit- 
ful Since the early observations of lightning discharges on magnets 
various attempts at finding a relation between electricity and magnet- 
ism had been made, but without success. In 1812 Oersted had stated 
that he believed that “the electrical forces under circumstances where 
they occur tightly bound should be able to cause an action on the 
magnet as a magnet.” Just what was meant by this “tightly bound” 
condition is not clear, and it indicates a very unclear notion of the phe- 
nomena which he was looking for. Oersted believed, however, that the 
conditions in an incandescent platinum wire short-circuiting a gal- 
vanic cell represented the supposedly tightly bound state. In 1819 he 
placed such a wire over a compass needle and observed an effect on 
the needle, albeit weak and uncertain. He repeated the experiment 
with a cell of 20 elements and got a marked deflection for a wire f inch 
above or below the needle, the deflection being 45°. The results of his 
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studies Oersted published in a Latin monograph sent to all outstand- 
ing scientists on July 21, 1820. Oersted noted therein that the deflec- 
tion was dependent on what we now term the current strength, and 
that a movable current circuit is deflected by a fixed magnet pole. 
Oersted found that the effect was more increased by the increase in 
area of the battery electrodes than by the number of batteries in 
series (i.e., that with the poor batteries of those days small internal 
resistance was more important than increase of potential). Gay- 
Lussac and Arago shortly thereafter showed that those “currents” 
could also produce magnetism in unmagnetized steel. 

In spite of his priority in the discovery of the magnetic effect of 
the current Oersted, who after all was led to it by an utterly wild 
theory, did little. In the hands of one of the great experimental 
geniuses of all time, Andre Marie Ampere, however, this new play- 
thing of science led to results of the greatest import. From September 
18 to November 2, 1820, Ampere was able to present at every sitting 
of the French Academy new results of the greatest importance. First 
he showed that if the current were to flow from the positive pole of 
the battery to the negative, in the sense of Franklin’s theory for static 
electricity, from the feet of the observer to the head, and if the o*' server 
were to regard the needle of a compass, he would find ^[nal the north 
pole of the compass needle was alwavs rHyf'^i ted by the current to his 
left. This rule he observed ♦ universal and it is to-day stated more 
conveniently as. right-hand rule as given on page 84. The rule 
is erroneously attributed to Oersted. Ampere next showed 

^Ki\e attraction between parallel currents in the same direction and the 
repulsion between oppositely directed parallel currents. He next con- 
structed the helical spiral and showed that with a current through it, 
the spiral acted just like a magnet both as regards other magnets and 
ns regards its orientation in the earth’s magnetic field. He developed 
the astatic needle for detection of weak currents (see page 124). He 
also postulated that the cause of magnetism might be found in the 
existence of electrical currents in the molecules, a prediction which 
modern atomic discoveries has substantiated in an unexpected fash- 
ion (see page 225). Ampere also suggested the use of the magnetic 
effect of a current for telegraphy. 

In the meantime, 1820, Biot and Savart discovered, by experi- 
ment and mathematical analysis, their famous law concerning the 
force produced by an infinitely long straight conductor carrying a 
current (page 87). They found that the resultant force of such a 
conductor acts on a magnetic pole in a plane normal to the conductor 
and at right angles to the per[)endicular on the conductor from the 
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pole, and that the force is inversely proportional to the distance 
between pole and conductor. In 1822 Schmidt showed that this law 
implied that the force between any point of the conductor and pole 
varies inversely as the square of the distance. 

In 1821 Faraday using a new powerful battery showed by means 
of the Faraday disc (page 217) that a magnetic field and a current could 
so interact as to produce continuous motion. This machine which 
Faraday recognized as impractical for application was, however, the 
forerunner of our great electrical age. The Faraday experiment was 
extended in its application by Ampere, who caused a current to 
make a magnet rotate continuously. Improvements in batteries in 
1822 led De la Rive with 380 cells and Davy with 2000 cells to 
discover the electrical carbon arc. This was the brightest artificial 
light source made by man, and by 1870 with the development of 
electrical generators was used for the first electrical lighting in 
streets. 

Finally in the study of rotational motions caused by two circuits, 
instead of magnet and one circuit as theretofore, Ampt^e discovered 
his now famous fundamental law of electrical currents. This law for 
the first time placed the study of electrical currents on a quantitative 
basis, so that further advances could be made, and gave not only a 
definition of unit current on the Newtonian scheme, but also gave the 
basic law for the calculation of all interactions between currents and 
currents, or currents and magnetic fields. This fundamental law, which 
we shall term Ampere's law from now on, was first published in the 
Annales de Cliimie et de Physique in 1822, and more completely in his 
Memoire in 1823. It is strange that in modern texts so little atten- 
tion is paid to the significance of the famous law, and that it is even 
rare to find the law coupled with the name of its great discoverer if 
mentioned at all, except in the definition of current. The law in its 
simplest form states that the force of a current i flowing through a 
short length ds of a conductor perpendicular to the line joining it to a 
magnetic pole of strength m placed r cm away from ds is given by. 


idsm 


(See page 85.) 


The original law was much more general and applied to the case of 
two small elements of conductors ds and ds' interacting on each other. 
r is the distance between them and 6 and 6' are the angles between 
r and ds and r and ds', while € is the angle between the lines ds and 
ds'. Then if we properly choose our units we can write that 
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the force / between the elements, for two currents i and i' in ds and 
ds\ is 

^ ii'dsds\ ^ 

/ = — (cos € — f cos d cos d ). 

This law leads at once to the simpler law above if a magnetic pole be 
substituted for one of the currents The simpler law at once leads 
to the two forms of the definition of unit current, so often quoted with- 
out mentioning the discoverer, which is given on pages 85 and 86. 
As soon as the law was established many devices came into being for 
the absolute measurement of electrical currents. The tangent gal- 
vanometer of Pouillet, 1837, was the first of these devices capable of 
absolute measurement which led to reliable results, and it is for this 
reason that the instrument is usually inflicted on elementary students 
of physics. The first galvanometer of the more modern type in which 
a movable magnet is suspended inside a fixed coil and which was 
read by use of mirror and scale was due to W. Weber in 1846. Thus 
it is seen that really further development of the measurements of cur- 
rents belongs well in the great electrotechnical period. 

The discovery of Ampere, however, led more immediately to other 
important discoveries concerning currents and the circuits in which 
they flowed. The earliest experiments of Ritter on galvanic cells had 
established the usefulness of metals for the conduction of the current 
as well as the heating effect of currents in wires. Davy had even sug- 
gested that metals had a “conductivity** which he assumed to vary 
inversely as the heating effect, and by 1822 he had arranged the metals 
Ag, CTi, Pb, All, Zn, Sn, Pt, Pd, Fe in the order from best to poorest 
conductors, a rather crude result to say the least. It had also been 
noteil that magnetic and other effects were strangely related to the 
number of galvanic cells in series, to the area of the plates of the cells, 
and to the nature and lengths and area of the conductors. It was, 
however, difficult to formulate clearly the laws concerning the conduc- 
tivity of metals, or those concerned with the strength of currents, 
owing to difficulties encountered with the early batteries such as lack 
of constancy, polarization, and internal resistance. Around 1820 
Schweigger and Poggendorf had independently devised an instru- 
ment called the multiplier for arbitrarily measuring and comparing 
electrical currents, using what is essentially a crude moving coil gal- 
vanometer. The current to be measured had its effect multiplied by 
using a number of turns of wire in a coil, and the interactions of coil 
and a magnet gave deflections whose measurement indicated current 
intensity. Currents could then be compared. Assuming that deflec- 
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tion and current in one of these instruments were proportional, G. S. 
Ohm began a study of the currents through conductors of different 
lengths and properties in a systematic fashion in 1825. He got around 
polarization of his cell by measuring only the initial deflection on 
closing the circuit. Ohm then evaluated the relative conductivities 
of a number of metals in a far more satisfactory fashion than Davy 
had. At the same time Barlow similarly investigated conductivity 
and found that the effect of changes in length produced changes in 
conductivity inversely proportional to the changes produced by 
changes in area of cross-section of conductors of the same substance. 
He also showed that the current down the whole length of a long uni- 
form wire was constant. Ohm verified these results and improved on 
them. He then resorted to thermoelectric sources of potential from 
thermal junctions at fixed temperature differences (making use of 
the newly discovered Seebeck effect, see page 166), and therefore 
avoided further battery troubles. He at once discovered that the 

a 

strength X of the magnetic action of the current varied as JV = 

where a and b were constants, and x the length of the conductor Uvsed. 
He next studied the effect of using more than one battery (i.e., in this 
case thermo elements) both in series and in parallel. The results 
were expressed in the simple equations for series and parallel connec- 
tions with m cells shown below: 


ma 

X = — and 

mb + X 


X = 


a 

1 

h 

m 


and given on page 162. He also observed that increasing the tempera- 
ture of a metal conductor effectively increased the resistance. As a 
result of his researches Ohm in 1827 published his book, “The Gal- 
vanic Chain.*' The organization of his results into a comprehensive 
theory was made possible to Ohm through the publication in 1822 
by Fourier of his mathematical theory of heat conduction. The 
analogy of the experimental equations of electrical currents in con- 
ductors with characteristic equations of heat flow in solids led Ohm 
very quickly to write his law of conduction as 


e — kA 


dU 

dN' 


where k is the constant of proportionality depending on the units and 
nature of the substance, A is the area of cross-section of a conductor 
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is the rate of change of ‘‘electrical density’* along the wire, and e 
dN 

is the effectiveness of the current. If we write instead of dU the 
change PD of “electrical density” over a length dN = / of conduc- 
tor studied we have writing i the current for e, to which it is propor- 


tional, i = k-jPD, 


But k~ 


= 1 / — = where R is the resistance of 
/ kA R 


the circuit, and we have Ohm’s law in its familiar form i 


PD 
R ‘ 


Here 


PD and R arc new concepts in the phenomena of current electricity, 
which really are analogies borrowed by Ohm from the resistance to 
the flow of heat in solids. The term PD in electricity is analogous to 
the temperature difference causing the flow of heat. It reprcwsented 
then a sort of difference of electrical pressure which was responsible 
for driving the current through the circuit. Its significance from an 
electromechanical viewfioint was already capable of interpretation 
as a result of the development of static electricity, and is fully treated 
in Chapters VI and XV. It is doubtful if even in statics the electro- 
mechanical concept was known until the time of Ciauss in 1840. 
Hence it is most doubtful that Ohm himself recognized the relation- 
ship in any form other than the temperature analogy given. The 
term R represents the resistance to the flow of electricity offered by 
the substance. It is the reciprocal of its conductivity which again 
was defined in analogy to heat conductivity. In the later form Ohm’s 
law then states that the current produced is merely the potential dif- 
ference driving the current divided by the quantity which we will call 
the resistance of the circuit. In his researches Ohm recognized that 
in a long uniform wire with a current i in it there was a continuous 
fall of the potential or electrical pressure and that the fall PD over any 
length of resistance R through which i flowed was given by the rela- 
tion iR = PD. The concept is one of the most important concepts 
which we have in dealing with current phenomena. In 1831 Fechner 
carefully verified Ohm’s law in a large number of cases, and in 1837 
owing to the improvement in cells the law was definitely established 
by Pouillet. It was the latter’s work which first reached England and 
France, and for some time these countries disregarded the fact that 
Ohm was in reality the discoverer of the law which now bears his 
name. The actual experimental test of the existence of the fall of 
potential down a conductor and the proof that PD = iR was due to 
Kohlrausch, who in 1848 actually measured the potential with an 
electrometer. The further great developments of the law were due 
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to Wheatstone in 1843 from the standpoint of an experimental exten- 
sion in measurements, and by Kirchhoff in 1846 in the great systematic 
period. Kirchhoff’s generalization of the law extended its use to all 
types of circuits and are extensively discussed in Chapter VIII. The 
further study of the concepts of resistance and potential in their 
relation to current really belong in the next period, the electrotechnical 
period. They were the result of the development of the first law of 
thermodynamics for which the foundation was firmly established by 
the experiments of Joule in 1843 on the mechanical equivalent of 
heat. In fact Joule used the heating effect of a current observed by 
Ritter and by Davy in his measurement of resistance. Joule showed 
that the heat was given by II = ki^Rt, where ^ is a constant depend- 
ing on units, i the current, R the resistance and / the time. This incor- 
porated the electromagnetic phenomena even more closely into the 
Newtonian mechanical scheme and gave a new methotl for. measuring 
potential difference experimentally. For since iR = PD the equation 
of Joule becomes II = kiPDt, and as i, II and t could be measured 
and k was known PD was measured directly. 

As is seen these discoveries and their further developments con- 
tinue in an unbroken fashion well beyond the date 1831 which we have 
chosen to mark the beginning of a new period in the history of elec- 
tricity. In fact 1831 does not mark such an abrupt change in focus 
of interest as did the discovery of galvanic currents. What happened 
was that a new and striking discovery added impetus to a natural 
trend in the development of the subject by indicating in a striking 
way the future possibilities of electricity, thus leading to a perhaps 
more rapid development of what would have inevitably followed. 

c. The Electrotechnical Period, 1831-1865. — The period, while 
chiefly concerned with a logical development of the new quantitative 
facts concerning galvanic currents, begins with Faraday's discovery 
of electromagnetic induction, and terminates perhaps .somewhat arbi- 
trarily with the great period of systematization of electrical knowl- 
edge whose proper development is characterized by the publication 
of his electromagnetic theory in 1865 by James Clerk Maxwell. 

The marked magnetic effects of an electrical current had long con- 
vinced Faraday that some reciprocal relation existed between elec- 
tricity and magnetism, and that as electrical currents produced mag- 
netic effects, magnetism should produce electrical currents. He was 
so firmly convinced of this that time and again he tried to detect the 
relationship, each time failing, and strange to say as we regard his 
unsuccessful experiments we are amazed to note that he came so inex- 
pressibly near to succeeding that the failures are almost inexplicable. 
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Meanwhile Arago had made an observation which baffled the early 
physicists. In 1824 he observed that a magnet swinging about its 
pivot directly over a metal plate was damped in its vibration very much 
more rapidly than when swinging freely or over an insulator. He also 
found that if the metal disc under a magnet needle were rotated the 
needle rotated with it. All attempts at an explanation had failed, 
but the experiment continued to intrigue Faraday, who believed he 
saw in it the sort of action he was expecting to find. In December, 
1824, he performed an experiment in which a magnet was made to 
pass into a conducting helical coil. Had the apparatus attached to 
the coil been simpler he would have observed his much hoped for effect. 
Complexities made this detection impossible. In November, 1825, 
he passed a current through a wire lying near another wire connected 
to a galvanometer. Possibly owing to the placement of his key for 
closing the circuit and possibly because of the feeble effects produced 
he did not notice the momentary change produced on making and 
breaking the battery circuit. On December 2, 1825, and again on 
April 22, 1826, he made experiments which gave no result. On 
August 29, 18v31, he again began his experiments and in his note book 
there is a notation ^‘Experiments on the production of electricity from 
magentism.*’ The first experiment records the successful achievement 
of his aim. He used an iron ring 6 inches in diameter of I inch soft 
iron, with two coils, one A of many turns of wire (v3 coils of 24 feet in 
length) the other B of 2 coils of 30 feet in length. The ^separate coils 
could be connected in series or used vseparately. He used a battery 
of 10 plates 4 inches square which could be attached to A. B was 
connected to the two ends of a long copper wire which 3 feet away 
passed over a magnet needle. When contact was made l)etween the bat- 
tery and A the needle gave a kick and when its contact was broken 
the needle gave a kick in the opposite direction. In ten days of experi- 
mentation over an interval of .several months, from August 29 to 
November 4, he completed his researches and published his famous 
memoir delivered on November 24 before the Royal Society. The 
time between the ten days was presumably spent in the construction 
of the apparatus and preparations. He next showed that if an iron 
bar with a winding about it connected to what was virtually a gal- 
vanometer was suddenly thrust between the poles of a magnet there 
was a deflection in one sense while the bar moved. On removing the 
bar there was a deflection in the reverse sense. He then showed that 
a bar magnet thrust into a helix produced the effect. Next he made 
a copper disc turn between the poles of an electromagnet and connect- 
ing a galvanometer to its edge and its axis obtained a current as long 
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as the disc moved. This is the famous Faraday disc experiment dis- 
cussed on page 246, and is actually the first dynamo. Finally he 
showed that a copper wire moved relative to the poles of a magnet 
or a conductor carrying a current produced the effect. These experi- 
ments in their entirety completely proved the existence of electro- 
magnetic induction. They further showed the salient laws concerned 
in it which he correctly generalized. The experiment with the Fara- 
day disc proved to him the nature of the damping and motion observed 
by Arago in 1824. He was at once able from his laws of induction 
and these experiments together with the motor rules to show that 
Arago’s experiments were the results to be expected from induction. 
The discoveries mentioned above lie at the basis of all the great elec- 
trotechnical achievements of the present day, for they enabled, through 
the improvement of dynamos the efficient conversion of steam motive 
power into electrical energy. In the earth inductor, page 24vS, Faraday 
meule the first approach to an efficient dynamo in 18v32. The first 
practical dynamo should however be credited to Werner Siemens in 
about 1866, less than thirty-five years after the discovery of the fun- 
damental law. 

The further developments of Faraday’s induction experiments 
were done largely by Lenz. In 1835 Lenz showed that the intensity 
of the induced current was proportional to the number of turns in 
the coils, and derived the expression for the most effective winding 
taking account of the resistance of the wire. He next showed in 1839 
that the strength of the current was in proportion to the magnetism 
created or destroyed inside the coil. Lenz generalized the laws of 
induction in the following way, namely, that the induced current 
always flows in such a way as to generate a magnetic field which will 
oppose the change in the magnetic field causing the induced current. 
This law was extended to not only magnetic fields of magnets but also 
magnetic fields due to currents in about 1851-1854 by Felici and by 
Gaugain. The extension came together with the recognition of the 
law of conservation of energy. For unless Lenz’s law holds we could 
by induction effects get energy out of nothing. The more sophisti- 
cated statement of the laws of induction given above is perhaps the 
easiest form to remember and thus the most generally useful form of 
the law. 

There was in the domain of induction, however, still a further 
important discovery to make. Jenkin in 1835 noticed that the spark 
on breaking an induction circuit was markedly strengthened if the 
wire were increased in length, especially if in the form of a coil. It 
remained for Faraday, however, to explain the effect, or at least to 
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observe the nature of the effect. If a circuit in a coil be left closed a 
parallel auxiliary circuit containing a galvanometer will show a cur- 
rent in the same sense as the current in the coil. By holding the gal- 
vanometer needle at the point where the steady current would put it, 
Faraday, having opened the battery circuit, observed that the deflec- 
tion of the galvanometer was momentarily greater when the steady 
current was suddenly reestablished. The instantaneous current Fara- 
day called the “extra’' current. It was due to an E.M.F. generated 
in the coil opposing the making of the current in the coil, but by the 
galvanometer connections able to flow through the instrument in the 
same vsense as the steady current. This phenomenon was, however, 
not clearly understood until Joseph Henry, an American high-school 
teacher working under the most adverse conditions, established the 
phenomenon as that which we would to-day term self-induction, a 
designation given by Henry in his explanation. Joseph Henry, inde- 
pendently and almost, but not quite simultaneously with Faraday 
discovered induction, so that it is not surprising that the later achieve- 
ment should have been his. He had been constructing and studying 
powerful electromagnets and he, iis had Jenkin, noted the heavy 
sparks obtained when he broke these magnetic circuits with heavy 
windings. He studied the effect of the different windings on the spark 
and found that the coil in the form of a close helix gave a very power- 
ful spark but the same length of wire if straight gave little effect, and 
the less effect the shorter the wire. He concluded that the effect was 
the inductive effect of the change of current, and hence the magnetic 
field of the wire on itself. This was announced in 1832 in a paper on 
“Electrical Self-Induction in a Long Helical Wire.” It is seen that 
the paper really antedates those on the same phenomenon by Faraday 
and Jenkin. However, communications with Europe were then none 
too good, and it took a long while for the world to recognize the merit 
of Henry’s W'ork. In 1842 Henry was led to the conclusion that the 
discharge of a condenser w^as under some conditions oscillatory. The 
fact was definitely proven experimentally by Feddersen in 1858, six- 
teen years later, and proved of great importance in the discovery of the 
Hertzian waves. With the discovery of self-induction and the discov- 
ery of the nature of dielectrics and the definition of electrical capacity, 
probably by Kelvin in 1850-1854 (see page 196), the development of 
the six important properties of electricity was complete. These fun- 
damental properties are electrical quantity, electrical current, elec- 
trical potential, resistance, capacity, and self-induction. The stage 
was thus set for the later unification of electricity and magnetism into 
a whole system after the beginning by Gauss and Weber in 1839 and 
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^rminating in the work of the International Electrical Congress in 
S81. 

During the electrotechnical period two more fundamental investi- 
itions of an experimental nature which w'ere completed, must be men- 
oned. Both of these again involve basic investigations of Faraday, 
ollowing the development of the Leyden jar little if any progress 
as made in the study of the fundamental property of these jars of 
oring electricty. Coulomb’s measurements gave rise to a new meas- 
rement of the quantity of electricity, and these measurements brought 
oulomb near to the definition of capacity. CVrtainly Coulomb was 
ware that two conducting spheres of different size when brought in 
mtact, after separation did not have the same quantity of electricity, 
1C larger one having a larger cliarge in proportion to its radius. Cou- 
>mb must also have had some notion of the degree or intensity of 
ectrification as shown by the divergence of the gold leaves o£ an elec- 
•oscopc. That Coulomb was aware of the relation that Q == CV, 
here Q is the quantity, V the potential, or degree of electrification, 
rid C is the capacity of the system for holding electricity correspond- 
ig to a definite degree of electrification, is doubtful. Certainly this 
ijuation does not appear in the continuation of Coulomb’s researches 
y Faraday in the years 1837 to 18vS8. It is probable that the idea of 
ectrostatic potential had not been sufficiently developed by the 
lathematical physicists even in Faraday’s time to lead to this result, 
araday having finished his studies on electromagnetic induction, as 
ell as his work on conduction of electrolytes, turned his attention 
) what he called electrical induction. That is the effect of charges 
1 non-condiicting solid and liquid bodies^ which he termed dielectrics. 
is studies convinced him of the fact that charges appear in such 
iclectric bodies only in the inductive form, i.c., in a separation of 
]ual amounts of positive and negeitive electricity, in analogy to the 
duction in metallic conductors already clearly understood. He 
lowed that a single sign of charge is never “soaked up or absorbed” 
Y a dielectric. This we know to-day to be somewhat erroneous, for 
e can actually load a dielectric with electrons or remove them 
lerefrom. For this, however, very much more drastic measures 
e needed than were employed in those days. To study the phe- 
Dmenon better Faraday constructed the spherical condenser (page 
)9) and measured the quantity of electricity stored at a given poten- 
al (i.e., for a potential that would jump a spark gap of iV ffich or 
lereabouts). He measured the charge by means of a Coulomb tor- 
on balance. Here we sec that Faraday clearly related the quantity 
ored to the potential and eliminated the latter as a variable by keep- 
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ing it constant. The charge on the condenser was measured for various 
substances placed between the concentric spheres of the condenser, 
such as gases, turpentine, naphtha, sulfur, glass, etc. In this way he 
discovered that the charge was greater for liquids and solids than for 
gases, or for vacuum between the spheres. The ratio of the value of 
the charge in these different cases relative to the charge in air or bet- 
ter in vacuum (the effect of air was nearly too small to measure) he 
called the specific inductive capacity. This ratio was always greater 
than unity, the value for empty space. The phenomenon Faraday 
explained correctly as due to some sort of electrical ‘‘polarization'' of 
the particles of the dielectric. He thus discovered essentially the 
nature of electrical capacity and the effect of matter on this capacity. 
When and by whom the exact definition of capacity was achieved is 
difficult to ascertain. It w^is doubtless developed and the capacity of 
condensers calculated some time between these researches and the 
period around 1853 when the oscillatory discharge of a condenser was 
predicted from equations by Kelvin on the basis of the effect of capacity 
on circuit. The accurate concept of capacity must have come into 
use in its complete form as a result of Faraday’s researches and the 
mathematical physical researches of Gauss, 1839, and of Green, the 
latter’s work being extended by Sir William Thomson (Lord Kelvin) 
in 1850. Green, 1832, and later following Green, Kelvin, 1850-1854, 
established a clear conception of the electrostatic potential function, 
and it is stated by Hoppe that these papers established clearly the 
theory of the Leyden jar. The definition of the electrical and magnetic 
units in the fashion used in this text was due to G. F. Gauss, who 
developed the ideas of potential functions, etc., independently of 
Green and attempted to develop an absolute system of units. In mag- 
netism using the milligram, the millimeter and the second Gauss 
defined the absolute unit of pole strength, and developed the methods 
of measurement of magnetic pole strengths on an absolute basis which 
are described in Chapter IV. The first experiments were performed 
by W. Weber in 1836. In 1839 Gauss arrived at a new and very 
important definition of electrical potential applicable in general form 
as well to magnetism and gravitation as to electricity. The relation 


V = ~ called the potential of all the charges q (masses or poles), 


on a unit charge (mass or pole) at r cm from each of the separate 
charges, whose sum is indicated by the letter This is the formula- 
tion that is in a more elementary way given in the beginning of Chap- 
ter XV. He also relates the potential to the work required to move 
the body up to the point from infinity. The Gaussian theory was 
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applied by F. E. Neumann in 1845-1847 to the case of electromagne- 
tic induction which by its means he formulated in an elegant manner. 
This formulation was in agreement with the principle of conservation 
of energy as shown by Helmholtz in his famous paper on conservation 
of energy in 1847. 

Weber in 1840, carrying out experimental determinations required 
by the (Liussian formulation, made the first absolute measurement of 
electrical current using the earth’s field as measured by the Ciaussian 
method and the tangent galvanometer, and then determined the elec- 
trochemical equivalent of Faraday in abvSolute measure. By 1845 
the laws of divided circuits had been worked out by Kirchhoff, then a 
student of Neumann, and were at once applied to Wheatstone’s bridge 
so that the modern methods of resistance measurement were once and 
for all made possible. (See Chapters VIII and X.) 

The final great experimental discovery of this epoch to be discussed 
here, although it antedated the one on dielectrices, was the quantita- 
tive study of electrolysis by Faraday. The earlier discoveries in this 
field by Ritter, Davy and others have already been mentioned. In 1854 
Farada}^ began a study of the conduction of the electrical current in 
aqueous solutions and ended by finding his famous laws of electrolysis 
which can be summed up in one sentence in the modern terminology 
by saying that 96,500 coulombs of electricity will liberate 1 gram- 
atom equivalent of any substance from vsolution. (vSee Chapter XL) 
The full significance of thcvse laws was not recognized by F'araday, 
but Helmholtz in his famous Faraday lecture on Faradciy’s death in 
1867 pointed out that, taken with the then theoretically established 
atomic theory, the laws of Faraday pointed definitely to the atomic 
nature of electricity, in contradistinction to fluid theories. 

In 1847 Weber began to develop the laws of the interactions of 
currents in wires which led to the development of the absolute dynamo- 
metric measurement of current. Finally in 1852 Weber began his 
measurements of current, potential and resistance in absolute measure, 
using the Gaussian system. His work led to the independent defini- 
tion of current in the electromagnetic system (page 80) and in the 
electrostatic system (page 183) and to a means of determining the 

ratio between them. He found that i in E.S.U. = i in E.M.U. 



where c is a constant, for potential e (in E.M.U.) = R (in E.S.U.) X 


and R (in E.M.U.) = R (in E.S.U.) X — . c was found by measure- 

16 

ment to be 4.394 X 10^® cm./sec. The velocity of light had been 
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found as about 3 X 10'® cm. /sec, a very important coincidence as 
later results were to show, although the factor | above constituted an 
error as Maxwell’s later formulation was to show. 

With these results one can fairly well see the nature of the period 
covered. While it is characterized and perhaps overshadowed by 
the discovery of electromagnetic induction its development implies 
more than just this. It was the period in which the last of the impor- 
tant discoveries necessary for the next great period were made. It is 
further characterized, not only by the applications of these discoveries 
to practical problems, but also by the great development in technique 
in measurement of these newly found concepts. With this there was 
also developing an excellent theoretical background of generaliza- 
tions which ended in the early attempts of Weber and Gauss to estab- 
lish absolute standards, and to correlate the separate phenomena into 
a whole. Hence by 1865 the stage was well arranged for the brilliant 
generalizations of Maxwell and their substantiation, which charac- 
terized the fourth great period and completed the Newtonian formu- 
lation of physics. 

d. The Systematic Period, 1865-1896. — The fourth great period, 
called the systematic period, begins with Maxw'eH’s publication of his 
famous paper on the electrodynamic theory of the electromagnetic 
field in 1865. It continues until the discovery of the electron by Sir 
J. J. Thomson in 1896, resulting from the study of the nature of the 
discharge causing x-rays. The period is named the systematic period, 
for it was the period in which the greatest advances were the theo- 
retical ones in which not only all the facts of electricity and magne- 
ti.sm but most of the facts in physics w'ere built into a great and con- 
sistent system based on Newton's laws. 

As was seen in the last period the developments towards the end 
of this period were beginning to be dominated by advances of a theo- 
retical, mathematical, physical character. As was seen attempts had 
been made by Weber, W. Thomson (Lord Kelvin), (iauss, Neumann 
and Kirchhoff to generalize the law\s of electricity and magnetism. To 
this group must also be added the names of Helmholtz and Riemann. 
The attempts led towards the end to controversial que^stions until 
Maxwell appeared in the field. The concepts of Faraday which 
guided Faraday’s fruitful experiments, and conceived of the electrical 
and magnetic forces as being represented by lines of force acting like 
self-repulsive elastic bands, had made a deep imprc.ssion on Maxwell. 
The further analogies of Thomson between elastic and electrical phe- 
nomena also played their part. In his first paper in 1856 Maxwell 
clearly shows the influences of these ideas on his thinking, and his con- 
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tribution fundamentally lay in placing these vague qualitative con- 
cepts of Faraday in concise and accurate mathematical language. 
The results of Maxwell’s studies are summarized in his “Treatise on 
Electricity” published in 187v3. The details of these studies are far 
beyond the scope of this text and hence can hardly be given. From his 
definitions of the electrical and magnetic field and from the electro- 
magnetic relationships Maxwell developed his famous equations on 
the electromagnetic theory. These equations led at once to the result 
that if a charged body be accelerated there travels out through space, 
which Maxwell assumed filled with an imponderable vsubstance, ether, 
an electromagnetic pulse. If the motion of the charged body is simple 
periodic then there is emitted a train of electromagnetic waves. A 
study of these waves led him to the conclusion that they must travel 
with the velocity of light, a fact which was established by the experi- 
mentally measured ratios of electromagnetic and electrostatic units 
made by Weber, see page .^9. His work went further and indicated 
that light was merely such an electromagnetic wave motion. He then 
showed the remarkal)le relation between the dielectric constant of 
transparent colorless substances and the index, (n), of refraction for light 
waves. The index of refraction is determined by the ratio of the 
velocity of light in vacuum and in the substance. According to Max- 
well’s theory the velocity of electromagnetic waves is given by 

V = — 7 ^==:-:, where D is the dielectric constant and u is the magnetic 

permeability, nearly 1 for most substances. Hence = — , vso that 

nD 

n" = fj.Dy assuming the velocity of light in vacuum to have the value 
unity. 

The theory of Maxwell received its most striking confirmation in 
1887 in the hands of H. Hertz. Following the early speculation of 
Henry that the discharge of a condenser was oscillatory, Feddersen 
in 1858 actually succeeded in establishing the fact. The complete 
theory of the discharge was later worked out by W. Thomson in 18Sv3 
as part of his extensions of Green’s theories in 1850-1854. The possi- 
bility of the use of such oscillatory sources of energy appealed to 
Hertz, who began investigating oscillatory discharges. By using 
tuned inductance coils for sending and receiving he succeeded in trans- 
mitting sparks across the length of the laboratory table. The inten- 
sity was increased when he used both capacities and inductance coils, 
(i.e., tuned heavily oscillating electrical circuits, with relatively little 
damping). Hertz succeeded in proving that these waves were reflected 
from metals and that they traveled with the velocity of light. Next he 
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reflected them in parabolic mirrors and refracted the waves as well as 
diffracting them. 

In the same period came notable advances in measuring technique 
and the formulation of a consistent system of electrical units by the 
International ('ongress of 1881. In the development W. Thomson 
(Lord Kelvin) played a great role as did many others. It was also in 
this period that the world began to reap the reward of Faraday’s dis- 
coveries through the development of electricity in driving cars, and 
lighting streets and houses, as w'ell as in many other directions. The 
application of the laws of thermodynamics to electrical phenomena, 
especially to radiation, led to Kirchhoff’s radiation laws, the Stefan- 
Boltzmann law and the Wien and Rayleigh laws of radiation. The 
latter laws were deduced on the assumption that electromagnetic 
waves and light waves were identical, and that light actually exerted 
a pressure. The failure of experiment and observation in the case of 
the radiation laws to agree, led to the enunciation of the quantum 
theory by Max Planck in 1900 — a theory which was to play an impor- 
tant role in showing the limitations of Maxwell’s grccit generalizations. 
The Michelson-Morley experiment was also performed at this period, 
and strange to say it was this apparently innocent experiment, intended 
to prove the exiwStencc of Maxwell’s ether, that ended in disproving 
its existence in the sense in which it was intended, and ultimately 
led to the great theory of relativity of Einstein, 1905. 

e. The Atomic Period, 1896-1919. — ^The fifth period, termed the 
atomic period, begins with the di.scovery of the electron, the negative 
unit of electricity, and dovetails so closely into the next or quantum 
period that dates arc hard to fix. Perhaps 1919 is as good as any date 
to terminate this period. 

As a result of a vstudy of the bluish streamers observed in exhausted 
tubes when a spark giving out Roentgen’s newly divseovered x-rays 
passed through them, J. J. Thomson, 1896-1897, showed these stream- 
ers to be negative charges of electricity having a charge probably 
equal to that of the C'l“ ion in electrolysis, and a mass of about 
of the H atom. This discovery was made independently nearly 
simultaneously by Lcnard. The positive or canal rays had been 
observed by Goldstein in 1886. Shortly after Thomson’s work the 
positive rays were extensively studied by M. Wien. By 1912 J. J. 
Thomson had shown them to be positively charged atoms of matter 
and had devised a method for measuring the ratio of their charge to 
their mass, and hence their atomic weight. The discovery of radio- 
activity by Becquerel in 1896 and the w^ork of the Curies, Ruther- 
ford and many others led to the conclusion that the electrons and 
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positive helium atoms, the a rays, were building-stones of matter. 
The electromagnetic theory of matter was then quickly translated 
into the terminology of the electron by H. A. Lorentz, Richardson, 
J. J. Thomson and others so that the development of theory nearly 
kept pace with that of discovery. Nearly, but not quite, for ever 
since Planck’s quantum law of radiation, theory began to find prob- 
lems which it could not cope with. In 1908 Jean Perrin by a brilliant 
series of experiments based on theoretical deductions of Einstein and 
Smoluchowski showed the reality of the eternal heat motions of mole- 
cules and proved once and for all the molecular theory of matter, 
especially gases. This was a theory dating from Avogadro and Joule, 
and later developed by ClaUvsius, Maxwell, Boltzmann and many 
others. By 1911 Millikan succeeded in measuring the charge on the 
electron quite accurately and bettering the value obtained almost 
simultaneously by Rutherford from the charge on the a particles. 

Finally in this period' through the photoelectric effect “(Ghapter 
XXVII), and the collisions between electrons and molecules or atoms, 
definite proofs of the quantum relationship of Planck were estab- 
lished. This meant that it appeared as if even radiant energy were 
emitted, absorbed, or even possibly moved in units or atoms. Truly 
this was an atomic period. 

In this period as well Einstein in 1905 developed his special theory 
of relativity and in 1913 his general theory, while von Laue proved 
that x-rays were electromagnetic waves and measured their wave 
lengths. This was a very im[)ortant forerunner of the next period, for 
the x-ray was to figure even more strikingly than light in the quantum 
theory. In this same period Rutherford, 1911-1913, developed the 
proof of the nuclear atom and Bohr (1913), showed that for the stabil- 
ity of such an atom the application of the quantum theory was essen- 
tial, while classical electrodynamics was utterly powerless to predict 
the phenomena. 

f. The Quantum Period, 1919-1927. — ^The sixth great period, the 
period of the quantum, can best be set as beginning in 1919, following 
the resumption of scientific work after the World War, although it 
really began in 1900. It terminated only in the period 1926--1927 
with the development of the wave mechanics. 

As stated, Planck showed in 1900 that the radiation laws can be 
correctly derived only if we assume that radiant energy is absorbed 
or emitted in units of value hv, where v is the frequency of the emitted 
light, and h is a new universal constant of nature, 6.55 X 10~^^ erg 
secs. This was followed by the discovery that in the well-known 
photoelectric effect (emission of electrons from substances by the 
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action of light) the velocity of the emitted electron did not depend on 
the intensity of the light but depended on its frequency according to 
the law \mv'^ — hv — hvor where is the kinetic energy of the elec- 
tron, V the frequency of the incident light, and pq the frequency of 
light needed to just remove the electron from the surface. The photo- 
electric effect had been discovered by Hallwachs in 1888. The above 
law was theoretically deduced by Einstein in 1905, who later retracted 
the assumptions involved in the deduction. A limited and incom- 
plete verification of law had been achieved by Laden burg, Richardson, 
K. T. ('ompton, and Hughes. In 1915 Millikan succeeded in accu- 
rately proving the law in spite of F2instein’s withdrawal of his deduc- 
tion. With the study of x-rays the law was still further established. 
This law while discordant with the classical electrodynamical con- 
siderations was not nearly as bad as another feature of the photoelec- 
tric effect. Light, no matter how feeble, was found to be able to 
liberate electrons the instant it struck the metal or surface from which 
electrons could be liberated. However, the intensity of light falling 
on the most liberal space that could be allowed an atom could never 
in years suffice to give the energy hv to the electron on a classical 
electromagnetic wave basis. It was therefore a great temptation for 
some to return to the old Newtonian view that light was corpuscular 
(i.e., moved in strings and struck in a limited area) even in the face 
of the remarkable success of the electromagnetic wave theory of light. 
In the application of the quantum laws to the radiation of light by 
the Rutherford atom, Bohr, Sommerfeld, and others achieved such 
notable success in not only accounting for atomic structure, but in 
quantitatively deducing the hundreds of spectra of atoms and mole- 
cules, that no one could doubt the quantum principles in this connec- 
tion. Again in that alrhost marvelous year for discovery, 1913 (year of 
discovery of x-ray diffraction, the Bohr theory, the establishment of 
the Rutherford atom) there was observed perhaps the most direct 
proof of the quantum action. James Franck and CL Hertz shot elec- 
trons into atoms of Hg and He at various speeds. They observed 
that under some circumstances these were reflected from the atoms 
with practically no loss of energy. On classical electrodynamics an 
electrical charge shot at an atom composed of electrons and a central 
positive charge should lose energy at all impacts. The energy was 
observed to be lost only when the electron had an' energy in excCvSs 
of a critical value. In such an impact it lost not a fraction but just 
this critical energy. This was just what quantum theory and Bohr’s 
theory postulated. It was later showm that this minimum energy at 
the lower values went to exciting the first lines of the spectral series 
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of the atoms struck, and was just the energy required to excite them. 
The work of Franck and Hertz was therefore a direct quantitative 
proof of the quantum theory. Finally in 1923, A. H. Compton made 
an interesting discovery. If x-rays of a penetrating nature (short 
wave length), are shot into an element of low atomic weight where 
the electrons are to all intents and purposes practically free (i.e., the 
energy to excite them is negligible compared to the energy hv available 
ill the beam), the rays reflected are shifted to a longer wave length X 
or shorter v by an amount dependent on the angle between the initial 

h 

beam and the scattered beam. The law found was that X^ — Xo = — 

me 

(1 — cos d)y where X^ is the wave length observed at an angle 6, Xo 
is the initial wave length of the impacting x-rays, h the Planck con- 
stant, m the mass of the electron and c the velocity of light. This 
law was derived theoretically assuming the x-ray wave pulse to col- 
lide with the electron like a particle of energy hv^ and to be reflected 
at an angle Q giving the electron an energy which it would have had 
had it been struck by a particle with this energy which rebounded at an 
angle d and gave the electron a kick. The loss in energy of the x-ray 
pulse and hence the energy given the electron caused the shift in wave 
length of the x-ray. This was taken by Compton and some others as 
a positive proof of the corpuscular nature of light. It made most 
physicists who had a great faith in the electromagnetic theory of 
light lose complete confidence in all the foundations of the classical 
wave theory of light. It was in this period of doubt and depression 
that the struggles of the mathematical physicists in searching for a 
solution began to bear fruit in the form of a new approach to physical 
problems that ushered in the new era or period entitled the wave 
mechanics period. 

g. Wave Mechanics Period, 1926-1927. — The many failures at an 
explanation of the apparent dualistic nature of light (wave and cor- 
puscle) began to bear fruit first in an almost ignored note by Louis 
de Broglie, a young French mathematical physicist, in 1921, in which 
he ventured to suggest that if, instead of considering the electron as a 
sort of electrical particle, it were considered as some sort of a com- 
plex wave motion represented best by an equation, the quantum 
actions might be explained and the wave theory of light retained, the 
wave electron interacting with light waves to give the desired result. 

In 1925 W. Heisenberg and M. Born began a series of studies in 
which they showed that if the condition of the electron and light wave 
were expressed mathematically by means of groups of infinite series, 
called matrices, they could be made in some way to interact with other 
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electrons and light waves in a manner which seemed to agree with 
observation. To study these complex functions whose physical mean- 
ing was never quite clear they had to further develop a special kind 
of algebra, the algebra of matrices. While this technique was being 
developed, Schroedinger had independently arrived at what was an 
exceedingly convenient mathematical mode of expression for, or for- 
mulation of, the wave-like functions of de Broglie. At once the 
mathematical physicists began intensive and active development of 
this mode of approach. Shortly in the skillful hands of Schroedinger, 
Heisenberg, Pauli, Dirac, Oppenheimer, Sommerfeld, and many 
others, the new method was developed, enlarged, and applied to 
almost all the troublesome quantum problems in their elementary 
forms and found to yield complete coordination of all the apparent 
discrepancies between wave theory of light and electron behavior. It 
was further found that the matrix approach of Heisenberg and Born 
was merely a somewhat different approach to the same solution. 
Through the uncertainty principle of Heisenberg still more subtle diffi- 
culties were cleared up so that theoretically at least by 1928 optimism 
as to the state of physical knowledge had again begun to reign. This 
optimism, however, was brought on by something more than mathe- 
matical and theoretical success. 

The radical assumptions as to the wave-like nature of electrons 
was difficult for the experimentalist, who must perforce live in a 
world of real mechanical pictures, to conceive. In 1927-1928 Davis- 
son and Germer, who had for some years been trying to get a clear 
picture of the reflection of electron beams from crystals, succeeded in 
finding peculiar scattering patterns for electrons reflected from single 
crystals of Ni heated to remove adsorbed gas films. To explain these 
patterns they applied the wave mechanics expressions to their elec- 
tron beams and found approximate agreement. Electrons appeared 
to be scattered from the Ni crystal not like bullets but like complex 
wave motions. In 1928 G. P. Thomson decided that as x-rays which 
are wave pulses are scattered into Laue patterns on passing through 
thin metal foils, electrons on the wave-mechanics picture should do 
the same. On shooting a beam of electrons through thin foils of mica 
and metals he observed instead of a single diffuse spot a perfect Laue 
pattern. Rupp also succeeded in obtaining these patterns and the 
agreement between theory and observation using wave mechanics 
was found to be fairly satisfactory. 

Finally, in 1928-1929, O. Stern conceived of an even more striking 
proof. He shot beams of He atoms and H 2 molecules, not into a crystal 
nor through thin foils, but onto the simple crossed grating-like atomic 
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lattice at the surface of NaCl and LiF crystals. The scattered atoms 
and molecules formed exceedingly complex fan-shaped patterns. It 
was found that if the wave-mechanics picture were applied to the 
atoms of He and molecules of H2 a perfect agreement good to two or 
three per cent with their observations was obtained in all cases. This 
striking proof leaves little to be desired, first in establishing the cor- 
rectness of the wave-mechanics representation, and secondly in show- 
ing that the atoms and molecules of classical physics assumed to be 
like hard elastic billiard balls had to be replaced by mere equations 
of no clearly defined mechanical significance. What the future holds 
in this regard is not quite clear, but we are confident that the facts 
found thus far are correct and that we must be cautious in the future 
in not going too far beyond the facts in building our pictures of nature. 
Perhaps even it is safest to content ourselves with mere mathematical 
formulations, taking care not to exceed the scope to which these are 
experimentally verified, and leave the idea of Newtonian mechanical 
models only as aids in further experimental work. At any rate an 
interesting and stimulating, even exciting, future lies before those 
who venture into physics to-day, with a new clean wslate to write on, 
and it should be a privilege to be undertaking the studies allied to 
physics in this period with all the future which it offers. 
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THE PHENOMENA OF MAGNETISM 

3. THE DISCOVERY OF MAGNETISM 

Magnetism became known to the world through discovery of 
natural magnets or lodestones consisting of pieces of the magnetic 
oxide of iron, Fe;i 04 , which occur in nature in the magnetized state. 
Whether they become magnetized through the action of the earth's 
field or possibly through the currents due to lighting discharges is not 
known, though the former origin is most likely. They are, however, 
frequently found in deposits of this ore. The property of lodestones of 
attracting pieces of iron was known to man in antiquity. It is likely 
that this attractive property was independently discovered wherever 
primitive man smelted iron, in the neighborhood of deposits of Fe; 3 () 4 . 

The art of smelting iron ores is mentioned in Greek legend first in 
the name of a sort of cult of roving iron miners and smelters, the 
Dactyls, who initially came from Phrygia inland of Troy which borders 
on tlie northeast corner of the Aegean Sea. These migrated both to 
Crete through Asia Minor and north and east to the islands Lemmos, 
Imbros and Samothrace in the Thracian Sea. Next came the Cabiri, 
a second more skilled group of iron workers who made of their trade a 
sort of cult. They spread north and east to Macedonia, and south 
and west to what is now Syria. 

Iron reached C«reece from Asia Minor. It was known in Egypt in 
the old kingdom 2900-2400 B.c. In Babylonia the dates are not known, 
but documents make it possible that iron in Egypt came initially 
from Babylonia or Phoenicia as there is no iron in Egypt. The dates 
for the movement of iron from Asia Minor and Phrygia to Greece are 
roughly as follows. In 1500-1400 B.c. iron was definitely in use in 
the regions mentioned above and perhaps earlier in Babylonia. By 
1300 B.c. it was in Crete, and it appears to have reached Greece in 
quantity between 1200 and 1100 B.c. coincident with the Dorian 
invasion from the Danube countries which terminated in forming the 
Spartan state. That a knowledge of magnetism reached Greece at 
this time if not before is certain, for in the Phrygian iron mines about 
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Mount Ida, on the isle of Elba, Crete and Samothrace, there occurred 
with the regular iron ores (Fe 203 ) that were smelted, deposits of what 
the Greeks called siderites or ironstone, Fe304, or magnetite, the 
natural magnetic oxide of iron. Hence early in Greek legend and in 
religious cults there appeared the Samothracian rings, rings of iron 
magnetized by contact with the magnetite. These attracted each 
other and occupied an important place in the early religious cults, 
such as those of the Dactyls and thcCabiri. These are clearly discussed 
by Plato (429-348 B.c.) who speculated on them on philosophical 
grounds. Earlier mention is made of magnetism in the works quoted 
from Thales of Miletus in Asia Minor (585 B.c\) who had traveled 
widely. Thales also mentions electrification of amber. The name 
magnet applied to these magnetized objects later came into use, and 
the name is attributed by some to a legend quoted by Pliny in which a 
Greek shepherd Magnes found a stone that attracted his iron-shod 
staff. Lucretius, 95 B.C., refers to the name magnet as being derived 
from the origin of magnets in the province of Magnesia lying in Thes- 
saly on the sea coast between Mounts Ossa and Pel ion. There is 
however no iron in that region. It is probable that the Magnetos of 
Thessaly, who because of overpopulation migrated across the Aegean 
from Magnesia, founded a city, now lost, called Magnesia in Ionia. 
They were later driven north and founded another city of Magnesia 
near Mount Sipylus in Lydia. It is assumed that it was the large 
deposits of magnetic oxides of iron in this region, which must have 
been exported to Greece, which furnished the source whence ithe 
name was derived. The city was destroyed by an earthc^u|||^M 
the time of Tiberius. The date of the supposed Magnesian mi^Stions 
to Asia Minor lies between 700 and 1000 B.c. It is, however, 
not certain whether the migrations described above which were given 
by Pliny really took place. The probability, however, is great that the 
first commonly known magnets in Greece came from a town called 
Magnesia probably in Asia Minor close to a large bed of magnetite 
where iron was also smelted. 

4 . THE DISCOVERY OF THE COMPASS 

The use of the knowledge of the directive force of the earth’s 
magnetic field by means of compasses was not clearly recognized until 
a much later date than was the case with the attractive force. While 
Gilbert was the first to clearly distinguish the attractive properties and 
orientation of magnets in the earth’s field, the knowledge of the orien- 
tation had been used much earlier by man in navigation. Frequent 
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attempts have been made to attribute this discovery to the Chinese in 
antiquity. Practically all such claims must be discounted owing to 
the very flowery and inaccurate language of the Chinese in describing 
what is supposed to have been the first compass. This supposed first 
compass was referred to as the “South-Seeking Chariot”. Some 
claims that these were compasses of pivoted magnets in chariots used 
in land voyages before our era are definitely shown to be erroneous. 
The definite knowledge of magnetism in China is as follows: Iron was 
known in the Shensi province in 220 b.c. Records show imposts on 
iron as early as 685 B.c. Fe:i04 was pre.sent in the Shensi iron mines. 
Magnets were first definitely described in China in A.D. 121. By a.d. 
324 it is more or less certain that the directive action was known and 
it is possible that magnets may have been applied to navigation in 
about this period. The Chinese admit that before a.d. 400 the present 
type of south-pointing chariot using a pivoted magnet concealed in a 
figure mounted on a chariot was not known. What the earlier term 
“South-Seeking Chariot” indicated is therefore merely a conjecture. 
In sea navigation the C'hincse were very far behind other countries. 
Their first sea-going ships date from 139 B.c. and it is doubtful if the 
compass was used in vsea navigation much before a.d. 1000-1100 when 
as in Europe we find definite proof of the use of the compass. That, 
however, the directive action of magnets was known in China in a.d. 
700-900 is indubitable, for at that time we find measurements of the 
declination, or magnetic variation, of the compass. Hence we may 
conclude that while magnetic attraction was known in China perhaps 
centuries later than in Europe the directive action of the earth’s field on 
a magnet was known perhaps as early as a.d. 400 and accurately 
studied by A.d. 900. Hence use of the compass in land navigation pre- 
sumably dates from about a.d. 400-900. Its use in sea naviga- 
tion, however, appears contemporaneously with the European use 
in A.D. 1000-1100. 

The directive action of the magnet was not known in Europe 
until it suddenly appeared in completed form and extensive use in 
what is to all intents and purposes the modern type of compass. How 
the compass suddenly completed reached Medieval Europe is only a 
most interesting conjecture. That it reached seafaring peoples of all 
nations almost simultaneously at the period mentioned (a.d. 1000) is 
sufficiently witnessed by the rival claims for its discovery by most 
European countries. The earliest definite records of its use appear in 
the laws of Wisbuy, an early seaport of the island of Gottland in the 
Baltic. Here drastic laws appear for the punishment of seamen caught 
tampering with the compass, the punishment being to have the man 
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pinned to the mast by a knife driven through his right hand, from which 
he could be freed only by tearing his hand loose. These laws date from 
about A.D. 1000. This port was frequented by Goths, Russians, 
Swedes, Angles, Scots, Flemings, Saxons, Spaniards and Finns. The 
Finns were a people of Mongolian extraction and it is suspected that 
they carried the idea of the compass from China. The earliest com- 
pass card in Europe, which is unfortunately undated, is a Finnish card 
whose markings indicate that it was made for a latitude of 49° 20' N, 
which would be the regions over which the Finns are thought to have 
traveled in coming from their Mongolian haunts. Thus we may 
fairly well assume that the compass as developed for sea navigation 
must have come from China through the migrations of the Finns, in 
a period perhaps lying between a.d. 600 and 1000, whence it reached 
European people through Wisbuy in from a.d. 1000 to 1250. 

5. THE QUALITATIVE PHENOMENA OF MAGNETISM 

As stated in the historical introduction the scientific discoveries in 
magnetism really date from the first investigations of Peter Peregrinus 
in A.D. 1256 and more properly from Sir William Gilbert, physician 
to Queen Elizabeth, as set forth in his book “De Magnete'' in 1600. 
The facts concerning magnetism given below except for those dealing 
with electrical currents and those dealing with magnetostriction are 
essentially the qualitative facts established by these early investigators. 
It must be noted right here that magnetism evidenced itself only by 
its manifestation of forces (i.e., attractions, repulsions or orientations). 
It is clear therefore that until a quantitative analysis of forces was 
possible (i.e., an analysis only possible after the time of Newton, 
1700) little progress in magnetism beyond that detailed below was 
possible. 

If a magnetized piece of steel (a magnet) be pivoted at its center 
about a vertical axis it is observed that the magnet if left to itself 
always comes to rest with the same end pointing northward. This 
end of the magnet is thus endowed with a property which always 
makes it seek approximately the geographical north. It will also be 
noted that the opposite end of the magnet is endowed with a property 
which always makes it seek the approximate geographical south. 
Thus a magnetized piece of steel appears endowed at its ends by some 
power which makes the ends orient themselves in opposite directions 
which are related in a rough manner to the geographical poles of the 
earth. Any body which exhibits a tendency to orient itself in this 
fashion over the greater portions of the earth's surface, in the absence 
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of other magnets or of iron, may be considered as exhibiting magnetic 
properties and will be called a magnet* It is thus not unnatural to 
call the north-seeking end a north magnetic pole and the south-seeking 
end a south magnetic pole. Such a magnetic pole shows the power of 
attracting iron and unmagnetized steel in its immediate neighborhood, 
and this property, perhaps the first magnetic property noted, may 
also be used as a further criterion of magnetism. 

If now two magnets be tested out so that their north-seeking or 
north magnetic poles can be marked it will be found if one magnet be 
placed on a pivot .so that it is free to turn, that when the north poles of 
the magnets are brought into proximity of each other they repel one 
another with considerable force. Likewise a south magnetic pole will 
be repelled by a south magnetic pole, while a north magnetic pole will 
strongly attract a south magnetic pole and vice versa. Interchange of 
the two magnets will show that the actions of attraction and repulsion 
are mutual and reciprocal. Each magnet pole repelling and being 
repelled, or attracting and being attracted, as the case may be. These 
observations can be summed up in the terse statement that like mag- 
netic poles repel and unlike magnetic poles attract, the first experiment 
having showed that there are two kinds or types or poles, or magnetism, 
termed north and south, a fact confirmed by the behavior exhibited 
in the second experiment. 

Both Peregrinus and Gilbert had spheres turned out of magnetite 
which was magnetized. A study of the magnetism of these spheres by 
means of small magnets mounted on pivots showed that thevse spheres 
acted as if they had a bar magnet running through them in one direc- 
tion. At one point on the sphere a north pole was repelled; at the 
other end of a diameter of the sphere, starting at the first pole, the 
south pole was repelled. At various points over the surface of the 
spheres the small magnets on pivots oriented themselves in definite 
positions so that their axes appeared to lie on surface lines over the 
sphere running from one of the ends of the diameter to the other. The 
analogy of this behavior to the behavior of magnets pivoted on the 
earth's surface was so striking that both observers decided that the 
earth’s magnetic action on the pivoted magnets was due to north and 
south magnetic poles in the earth.* They then considered that the 
earth itself must be a large magnet with one pole in the north geo- 
graphical regions and another pole in the south geographical regions. 

* Exception might be made to a helical coil of wire carrying a current which also 
exhibits this property. However the exception need not be made, for such a coil 
acts in other respects as a magnet and while strictly not a magnet certainly behaves 
like one. 
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Since a north-seeking magnet pole points northward, the earth's mag- 
netic pole in the north must have south magnetic polarity, and the earth's 
magnetic pole in the south must have north magnetic polarity. Hence 
one can say that the earth’s north geographical pole appears to have 
south magnetic polarity and vice versa. Actually, as we shall see, 
the earth’s magnetic poles are oriented in this general fashion, except 
that the earth’s south magnetic pole in the northern hemisphere is not 
exactly at the earth’s north geographical pole, and the earth’s north 
magnetic pole does not correspond in position exactly with the earth’s 
south geographical pole (in other words, that the poles about which 
the earth rotates do not coincide in position with the earth’s magnetic 
poles). 

The use of the pivoted horizontal magnet for finding directions 
on the surface of the earth, through the Uvse of the magnetic compass 
in navigation, has given the n^ime of magnetic compass to the device 
used above, a name which will be used hereafter. As was seen, com- 
passes are very useful for studying conditions produced by magnetiza- 
tion and furnish the first method of analysis if a body is suspected of 
being magnetized. The compass is used by jewelers continually to test 
for the magnetization of watches which operate irregularly. The 
action of a compass in studying the region about a magnetized body 
can be easily supplemented by the use of iron filings. These scattered 
over the region align themselves like compass needles and so enable 
one at a single time to map out a whole magnetic region. 

The attractive and repulsive forces of magnets on other magnets 
led Gilbert to perform another experiment. He floated a compass 
needle or a magnet on a cork on water in the absence of other magnets. 
This floated magnet never moved as a whole to the north or the south, 
although if its axis was not parallel to the north and south magnetic 
line it rotated about its axis so as to have its north pole pointing north 
and its south pole pointing south. This clearly indicated to (lilbert 
that the earth’s magnetism exerted a directive force on a magnet, as 
differentiated from the attractive or repulsive force of another magnet 
in proximity to the floating magnet. The more modern implication 
of this discovery is that owing to some uniformity of the earth’s 
magnetism, or as we term it today the earth’s magnetic field, the 
magnet is not displaced north or south, as its north and south poles 
have equal amounts of magnetism. Thus we can conclude that all 
magnets have equal amounts of north and south magnetism. That 
attractions and repulsions occur for magnet poles brought near the 
floating magnet is due to the fact that the action of the one pole of 
the magnet brought up is much greater on the one pole of the floating 
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magnet than on the opposite pole because its distance from the first 
pole is small compared to its distance from the opposite pole. It will 
later be seen that this signifies that the force between two poles varies 
very rapidly with the distance. We can then conclude that the 
magnetism of the two poles of a magnet is opposite in polarity and 
equal in intensity. 

If a magnet be broken the poles at the ends are separated. How- 
ever at each of the broken ends new poles of opposite sign appear. 
This with the other observations of magnetism establishes the fact 
that magnetic poles always appear in opposite pairs and that there is 
no such thing as an isolated pole. The only way in which one can 
study a pole isolated from its opposite companion is to use a magnet 
so long that the second pole is ineffective in its action owing to the 
distance. Thus in vsome experiments magnets of magnetized steel 
tape a meter long are used. The fact that a magnet which is broken 
gives two new complete magnets no matter how often it is broken 
early led to the idea that the magnetism must be inherently lodged in 
the ultimate particles (the molecules or atoms of the iron). 

It was later found that magnetism is not confined to iron and steel 
alone, but that the elements nickel and cobalt show it nearly as strongly 
as does iron. In addition certain alloys of copper, tin and manganese 
known as the Heussler alloys show marked magnetic properties. The 
salts of iron, cobalt and nickel show feeble magnetic properties which 
will be discussed at another point. Outside of this the magnetic 
behavior of most bodies is feeble in the extreme, .so that today we call 
the behavior ferromagnetism in contradistinction to the other weaker 
magnetic phenomena. 

Magnetic forces will penetrate all non-magnetic substances such 
as wood, ebonite, brass, glass, etc. The forces are however much 
attenuated in passing through thin sheets of iron, unmagnetized 
steel, or other magnetic substances. This property is often made use 
of to screen out magnetic effects. In certain sensitive galvanometers 
it requires some seven or eight sets of soft iron screens each made out of 
three or four sheets of soft iron 1 mm thick to cut out the earth's weak 
field fairly completely. The cause for the screening action of iron is 
easily seen when we study another feature of magnetism observed by 
Ciilbert. If a piece of soft iron be brought near a magnet it becomes a 
temporary magnet with its north pole opposite the activating magnet’s 
south pole or vice versa. This is what is called induced magnetism. 
The screening action of iron can at once be explained by the fact that 
a continuous strip of iron going from the north pole of a magnet 
ground to the south pole b^com^s an induced magnet which nets tO 



THE QUALITATIVE PHENOMENA OF MAGNETISM 


65 


neutralize the magnetic poles by its opposite induced poles nearby. 
Another explanation which could be given for this will be seen to lie 
in the fact that such a piece of iron acts as a magnetic conductor, see 
page 229. 

The action of soft iron filings in adhering to a magnet, like a mass 
of whiskers, is due to the inductive action of the strong magnet through 
a whole chain of filings which cohere due to the attractive forces. 

In distinction to the action of soft iron, steel shows another type 
of action. If a magnet be brought near a piece of unmagnetized steel 
the steel shows the same inductive action as was exhibited by the 
soft iron. On withdrawing the magnet the steel will, however, unlike 
the soft iron, retain at least a portion of its induced magnetism; that, 
is, it has become a more or less permanent magnet. By more drastic 
treatment with a pole of opposite polarity than the first pole it can be 
caused to reverse its magnetism and again be attracted. Soft iron is 
always attracted and loses most of its magnetism as fast as the induc- 
ing magnet is removed. The difference in action of the two lies merely 
in the fact that once magnetizedy steel retains its magnetmn to a high 
degree while soft iron does vso only feebly. All degrees of this property 
known as retentivity are encountered in different samples, in general 
the harder steel being the more retentive. The difference depends on 
the crystal form of the substance. 

Gilbert found that if a magnet be heated its magnetism is weakened 
or destroyed. The warmer a magnet the more rapidly it loses its 
magnetism. All magnets heated above a certain temperature (about 
bright red heat) cease to be magnetic. Jarring, shaking, or violent 
mechanical treatment causes magnets to lose their magnetism. Even 
the best steel magnets eventually weaken, a fact which is attributed to 
a very slow action of heat together with what is called demagnetization 
by the field discussed in Chapter XIX. To prevent this demagnetiza- 
tion these magnets are provided with a soft iron keeper, or two bar 
magnets are kept together in pairs in a box with opposite poles adjacent 
and soft iron keepers between. Fig. 9. 

Magnets can be made by the following procedures, all except the 
last one having been observed by Gilbert. 

(a) By the action of a magnet or a lodes tone on steel, through 
contact or by stroking the steel with the magnet poles. 

{h) By pounding a piece of iron or steel held in the direction of 
the earth’s magnetic field. It is by the mechanical jarring in the 
earth’s field that tools become magnetized, according to Gilbert. 

(c) By heating steel or iron in a magnetic field and letting it cool. 
{d) By the action of an electrical currept in a solenoid on steel or 
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iron. This was discovered by Gay-Lussac and Arago in 1820 shortb 
after Oersted observed the magnetic effect of a current. 

It was early observed in magnetizing a piece of steel that thi 
amount of magnetizing treatment increased the strength of the magne 
at first rather rapidly, and then more slowly. In all cases a state wa; 
finally reached beyond which the strength of the magnet could not b( 
increased. In this case the magnet was said to be saturated. Th< 
physi('al aspects of saturation will become clearer when the magnetii 
properties of materials are discussed. The interpretation of th( 
meaning of the phenomenon in its elementary form came howeve 
much earlier 

It was also later observed that bodies being magnetized undergo j 
series of changes of length in the process. If a bar of soft iron b< 
placed in a solenoid and a current turned on the bar will appear to b( 
elongated if the currents are weak enough so as not to produce satura 
tion. The elongation can be shown by fastening the lower end of thi 
bar rigidly and leaving the upper end of the bar free to move so that ir 
moving it rotates a snicill mirror by means of a lever multiplying 
device. As the current is increased and the current is switched on ant 
off the movement of the spot of light from the mirror indicating z 
lengthening of the bar decreases in amplitude, becomes zero and re 
verses, indicating a contraction of the iron bar as fields producing 
saturation are reached. Hence weak magnetization causes an elonga 
tion while saturation causes a contraction. The phenomenon is callec 
magnetostriction. 

To get a better picture of the conditions surrounding a magnet th( 
use of iron filings representing a mass of small compass needles abou 
a magnet can be resorted to. If a piece of Gelophane or other trans 
parent substance be placed over a magnet lying in a beam of light 
and if light iron filings be dusted over the Celophane and the lattei 
jarred the filings will arrange themselves in a set of regular pattern! 
which can be projected on a screen. The patterns indicate the setting 
which compass needles would take in the regions about the magnet 
It will be seen that the whole region around the magnet appears t( 
exert a directive action on the filings. Such a directive action implie! 
the existence of magnetic forces at all points in the space about th( 
magnet. Hence we can say that the region about a magnet represent 
a field of magnetic force, the direction of this field in each place beinj 
the direction represented by the long axis of the small piece of filing 
The soft iron filings are temporary magnets or compass needles due t( 
the inductive action of the field. An idealized picture of the field aboul 
an isolated magnet is shown in Fig. 1. 
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It is instructive to observe such filing patterns as displayed by 
different arrangements of poles and magnets. The attractive forces 
between N and S poles are clearly illustrated by the continuity of 
lines of filings running from the N pole to the S pole, see Fig. 2. The 



Fig. 1 . — Llcalizccl Field about an Isolated Magnet. 


repulsive forces between the two N or two S poles can be seen by the 
recurving of the filing lines, leaving one pole as they approach the 
other similar pole, leaving a neutral point between the two sets of 
recurving lines as seen in Fig. 3. The neutral points of a magnet 
placed in the earth’s field are shown in Fig. 4. 



Fig. 2. — Idealized Field between Fk;. 3. — Idealized Field between 

Unlike Poles. Like I’oles. 


A more important observation is the fact that in all these fields 
due to a single magnet the lines emerge not as if emanating from one 
point in the iron or steel but as if they came out all over the ends of 
the bar, as seen in Fig. 1. Thus the thing termed a pole is not a defi- 
nitely located point of magnetism, but a general spread of magnetiza- 
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tion all over the iron or steel. Thus the pole is no definitely situated 
point. This fact is of great importance when it comes to the quanti- 
tative study of magnetic forces due to poles. A similar situation 

arises when the attraction of the earth’s 
gravitational field on a body is con- 
sidered. Each point of the body is 
attracted in proportion to its mass. This 
complex attractive action can be re- 
placed in its behavior by a single force 
applied at one point, the center of gravity. 
In a similar fashion the diffusely dis- 
tributed magnetism in the end of a 
magnet might conceivably be considered 
to act as if concentrated at a single 
point in its action with other magnets. 
Thus WT can idealize a magnet as having 
two point magnetic poles located at a 
distance of / units from each other. 
The length of the magnet would then be 
spoken of as I units. Now for some 
simple geometrical forms it is easy to 
locate the center of gravity by calcula- 
tion. This is however practically impos- 
sible in the cUvse of magnets. Thus the 
exact location of magnet poles and the length of a magnet is a matter 
of great uncertainty. This fact complicates the quantitative study 
of magnets and were it not for a fortunate circumstance discussed 



Fig. 5. — Single Magnetized Bar Showing Consequent Poles. 


on pages 75 and 76 the quantitative treatment of magnetism 
would be exceedingly onerous. 

Perhaps one more interesting case may be investigated by the use 
of iron filings. A steel knitting needle is found to be magnetized on 
approaching one end to a compass needle in a specific instance with 
north magnetic polarity. If the other end of this specific needle be 



Fig. 4. — Isolated Magnet Placed 
in a Uniform Field. 
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tested it will also be found to exhibit north magnetic polarity. Accord- 
ing to the general law of magnetization, however, there should be just 
one north pole and one south pole in magnet. If the needle be placed 
on the projection screen and dusted witli iron filings as for other 
magnets the apparent paradox is at once solved. For it apfK'ars that 
there are several poles in the needle as indicated by the iron filings. 
In fact the pattern of filings appears, as shown in Fig. 5, as if there 
were in the one needle four separate magnets so arranged that the 
south poles are opposite the south poles and the north poles are oppo- 
site the north poles. It accordingly happens in this one case that 
with four magnets thus arranged there is a north pole at each end of 
the rod. The needle does not therefore violate any principles but 
represents what are termed consequent poles. Such a condition is 
created in a simple fashion by winding a coil about the wire with the 
sense of winding in the first quarter in one direction (say counter- 
clockwise as viewed from the end), in the next (juartcr the sense of the 
winding is in the opposite sense (i.e., clockwise when viewed from the 
end), at the third quarter the winding is reversed again, and the same 

F IG. 6. — Windings for Producing Consequent Poles. 

way for the fourth quarter, ns shown in Fig. 6. Thus when a current 
is passed through the wire the consecutive or opposing poles appear. 

The experiments outlined give one a chance to form a fairly good 
qualitative picture of magnetism. We can assume that the magnetic 
substance contains a large number of minute magnetic elements, per- 
haps the actual molecules, perhaps .small crystal units. In the non- 
magnetized state the.se units are cither disoriented or else oriented in 
such a way that their poles neutralize each other. .Such an arrange- 
ment for example is shown in Fig. 7a. In a magnetic field this mass 
of neutralizing magnets showing no sen.sible external effect is subjected 
to an external directing force. Depending on the rigidity of their bind- 
ing these small magnets now tend to orient them.selves in the direction 
of the field. Fig. 7b. If the substance is very rigid (i.e., like steel) the 
resistance is great and large forces are needed to produce an effect, 
which once produced is relatively stable. In soft iron the magnetic 
particles swing into line easily and when the field is removed as easily 
swing back. Thus the nature of retentivity is explained. As the par- 
ticles swing into line the magnetic poles instead of neutralizing each 
other now add together and reinforce each other. As the alignment 


THE PHENOMENA OF MAGNETISM 


V-^ 

a. Un magnetized State. 


b. Partial Orientation m a Weak kiekl 


bi fn — si rrr~~n 


IN ■ sj Em] Emi 



Enn csmi, csm] 


c. Ideal Saturation in a Strong F'Slft. 

Fig. 7. — Idealized Picture of the Process of Magnetization. 
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becomes more and more perfect the magnet becomes more and more 
nearly saturated with magnetism, Fig. 7c. Induction is thus seen to 
be the action of the field of one magnet in aligning the magnetic ele- 
ments in soft iron in the neighborhood. If left to itself a magnet will 
have its small elementary magnets jostled out of line by the heat 
motions. The higher the temperature the more violent this disorient- 
ing tendency. The same effect is produced by jarring, wliich in the 
end produces a heating. Heating a piece of iron in a magnetic field 
and letting it cool jostles up the neutralizing groups of magnets and 
permits these elementary magnets to realign themselves with the 
external field as the metal cools. If a magnet be surrounded with a 
continuous path of soft iron it will not lose its magnetism due to heat 
as readily as a bar or other magnet whose poles are free. The reason 



is simply that a free magnet has its own field outside in the air opposed 
to its own internal magnetic alignment. Hence its own external field 
acts to realign any little elementary magnet that is kicked loose by 
heat motions in an opposite sense to that which it had in the magnet- 
ized state. This is a demagnetizing action of a magnet due to an exter- 
nal field. If the continuous path of iron is present the field in the direc- 
tion of alignment of the elementary magnets is continuous and in the 
same sense. Such an alignment also exerts a torque which reacts 
against the disorientation of any magnetic element in the line. Hence 
unless the heat vibration is very violent a magnet with a keeper will 
maintain its magnetism indefinitely. These actions are illustrated 
in Figs. 8 and 9. 

The magnetostrictive phenomena are also easily explained by the 
qualitative picture given. As the neutralizing groups in unmagnetized 
iron break up and the magnets tend to align themselves as in Figs. 
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7a, b, and c, the magnetized bar will lengthen, for the ‘‘end on** 
arrangement of Fig. 7c takCvS more room than the closed arrangement 
of Fig. 7a. As saturation is approached the complete alignment of 
these magnetic elements brings into play the powerful attractive forces 
of the magnets on each other in a cumulative manner. Thus length- 
wise along the magnetic axis the magnets exert a powerful magnetic 
attractive force which sensibly shortens the bar. 

The nature of the orientation, which is at best never quite com- 
plete, and far from it in the case of the permanent magnets, shows 
why the idealized state of Fig. 7c is never reached and why it is that 
the magnetism appears distributed near the ends of the bar instead of 
appearing at the ends only as in an ideal case. 



Fk;. 9. — Effect of Keepers on Magnets. 


This rather complete qualitative picture of the magnetic processes 
can be roughly verified by filling a glass tube with iron filings and scal- 
ing it. If now the tube be placed in a solenoid carrying an electrical 
current, tapped, and then removed it will be observed to be highly 
magnetized. As soon as it is shaken the tube returns to its previous 
unmagnetized state, the shaking breaking the oriented alignment of 
the filings. A more accurate test of this question was made quantita- 
tively by lowing and Cans, who pivoted a large number of small mag- 
nets in a plane and by applying an external field could observe quanti- 
tatively the various phases of a hysteresis loop, described in Chapter 
XIX, which more accurately characterizes the behavior of a magnet 
than the qualitative pictures. 




CHAPTER III 


THE QUANTITATIVE TREATMENT OF MAGNETIC FORCES 

6. THE CONCEPT OF THE MAGNETIC FIELD 

It was observed from the interactions of magnets that forces must 
exist between the magnets. Therefore, in the region around a mag- 
netic pole there exists a condition such tliat another magnetic pole, 
brought into this region, experiences a force at each point in the 
region. The direction of the force at any point maybe determined by 
the orientation of a minute compass needle i)laced at that point, that 
is, the compavss needle .so orients itself that it is parallel to the resultant 
force. It is therefore possible to map the field of force about a magnet 
by finding the direction which the compass needle would- take at all 
points of the space considered. The field can also be shown by shaking 
light iron filings over a paper giving the plane in which a study of the 
field of force is sought. The iron filings in this case constitute minute 
magnets which align themselves in the direction of the field. A 
more rigorous definition of the direction of a field of force would he given 
by taking the path described by a hypothetical isolated north pole in the 
field. It is found that the force at each point, in addition to having a 
direction, has a definite magnitude, and like all force is therefore a 
vector quantity. This force varies with the distance from the various 
magnetic elements which cause the field. 

7. DEFINITION OF UNIT POLE, AND POLE STRENGTH, COULOMB»S 

LAW 

In order to determine the magnitude of the field, one must have a 
unit of measure. The existence of fields of magnetic force is mani- 
fested by the forces exerted on magnetic poles. It should therefore 
be possible to exprCvSS the magnitude of a pole strength or of a field 
strength by the force exerted on some other pole. To define this 
force, one must choose a standard. The choice of a standard can 
come only from an experimental study of the law of force between 
poles. 

Coulomb was the first to study the forces experimentally. He 
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initially studied the forces of attraction between poles using the torsion 
balance. In this study he suspended a magnet from a fiber to which 
was attached a mirror so that the deflection of the mirror enabled the 
deflection of the magnet produced by a given force to be measured. 
The force necessary to produce a given deflection on the balance was 
known, and hence by measuring the angle of deflection, the force 
produced by another pole on the suspended magnet could be meas- 
ured. In his early experiments, he used long magnets so as to study 
the effect of poles as nearly isolated from their accompanying opposite 
poles as possible. By this means he found that the force was pro- 
portional to what he defined as the magnetic strength of the pole, and 
inversely proportional to the square of the distance between the poles. 
If the one pole be designated as having a strength m and the one 
brought r cm from it as having ci strength the force between them 

1 • /. ^ TT ^ • r .1. 

can be written/ = — . Here - is a constant of proportionality and 

r- ix /X 

depends on the medium and the units chosen. 

The establishment of this law leads at once to a definition of the 
unit of pole strength. In any system of units, we can arbitrarily 
define a unit pole as one which repels an exactly equal pole at unit distance 
with unit force when /x is unity. For if / = 1, r = 1, and m = I» then 
mm^ = = 1, and m = 1. In physics the C.G.S. system of units is 

generally used. In this system the unit of force is the dyne, and the 
unit of distance the centimeter. Hence the unit pole in the C,G.S. 
system is the pole which repels an exactly equal pole at the distance of 
one cm with the force of the ojie dyne {in vacuum). 

Practically it is difficult to obtain exactly equal poles. It is further- 
more difficult to locate accurately the center of magnetism in a pole so 
as to measure distances accurately. Thus the measurement of pole 
strengths must be left to indirect methods. We shall see later that 
this is accomplished by performing two experiments which give us a 
field strength and a pole strength multiplied by the distance between 
the poles from the equations involved. (See Chapter IV.) In static 
electricity one has an easier time in measuring the electrical quantity 


q, whose defining equation / = 


qq' 1 . 

— -- is very similar to the magnetic 
r" D 


equation, as It is easy to realize equal quantities. 

As regards the quantity /x, this is a constant involving the nature of 
the materials in which the two poles are immersed. It is assumed 
to have the value unity for empty space. For air it is so nearly 1 
(1.0000004) that it can be called unity. For iron it is very high (about 
10,000). ju is called the magnetic permeability. (See Chapter XVIII.) 



DIMENSIONS OF MAGNETIC POLE STRENGTH 


65 


The magnetic field in a region can be studied by means of the 
forces exerted on a test pole. As the force is dependent on the pole 
strength of the pole used for studying the field, it is convenient to 
express the field in terms of the force on a standard pole. To this end 
we define field strength at a point as the force exerted on a unit pole at 


that point. That is, the field strength II is given by // =— , where / 


is the force in dynes on a pole of strength m. If / = 1 dyne, and m is 
a unit pole, 11 is a unit field strength. Unit magnetic field in the CXIS, 
system is therefore the field that exerts 1 dyne of force on a unit pole 
placed in it. This unit of field strengtli has been named the gauss. 
Thus a field of 1 gauss exerts 1 dyne of force on unit pole, and m dynes 
of force on a pole of strength m. The value of tlie concept of field 
strength lies in the fact that if If the field strength, is known, the 
force on any pole m is at once given by the value of the product Ilm, 


8. DIMENSIONS OF MAGNETIC POLE STRENGTH 

Before proccccling further, one may digress a minute to determine 
the dimensions of the new (luantity magnetic pole strength. In the 
equation above, let the two poles be equal. That is, m = m'. The 
equation then becomes 


w*- 

/ = -rr 


whence 




if one disregard the dimensions of jjl as will be done throughout the 
text. 

Force has the dimensions given i)y: f — M L T~^ 

Also 

r" = 7.2. 

Therefore 


Since field strength H is the force per unit pole, 

11 = f 

m 


whence 
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9. UNITS AND DIMENSIONS 


The physical units and their applications are organized on the 
basis of the mechanical system of Newton. All gross mechanical 
occurrences in nature are related by mathematical relations of a more 
or less simple nature to the system of definitions or axioms contained 
in Newton’s three laws of motion. The quantitative expression of 
these laws in a restricted form is the expression defining force, / = ma, 
where m is the mass or inertia of the body and a its acceleration. 

dv 

Acceleration is rate of change of velocity, — , and velocity is defined 

dt 

X J* 1 • • • ds d^s 

as the space or distance covered m unit time, or — ; so that a = — , 

dt dr 

d^s 

and/ = m . Thus the fundamental measurable quantities entering 
dt^ 


into this basic equation descriptive of all physical occurrences arc 
length or distance, time, and inertia or mass. All change in the 
condition of a mechanical body is accordingly expressible by appro- 
priate combinations of these quantities. Now the units employed for 
measurement in terms of thevse three fundamental ciuantities are 
defined in terms of simple convenient arbitrary standards, the second, 
the centimeter and the gram. The second is merely a convenient 
fraction of the mean solar day; it is X irV X 2 V mean time 

that elapses between successive transits of the sun acrOvSS the meridian. 
Why this fraction is used instead of a fraction expressed in the more 
convenient decimal system is hard to say. The anticiuity of this time 
system, going back to the ancients, and the fact that our custom has 
been to use it in tables for so many years, are the probable causes of 
its continuation. The unit of length is also a purely arbitrary, con- 
venient standard. When the standard meter bar was made, it was 
supposed to be one forty millionth the circumference of the earth 
through the poles. However, later measurements showed tliis value to 
be incorrect and the standard meter is now merely the length of a 
platinum bar kept at the International Bureau of Weights and 
Measures at Sevres, France. Michclson later determined the length 
of the standard meter in terms of the wave length of .three lines in the 
spectrum of cadmium so that we possess a check on the standard 
should it vary. Finally, the unit of mass was for convenience chosen 
in terms of the inertia of a cubic centimeter of water at 4^^ C, the 
temperature of its greatest density. 

As is seen, the choice of our so-called fundamental units indicates 
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that they are in no sense fundamental, but arc merely convenient, or 
even chance arbitrary standards to use with our Newtonian system 
of units. It is not surprising then to find that our real and probably 
truly fundamental units, such as the electron, //, the Planck action 
quantum, the mass of the electron and of the hydrogen nucleus, are 
expressed as peculiar odd ratios of our chosen units in the fields where 
they are measured. We are accordingly committed to expressing all 
phenomena in physics in terms of Newtonian mechanics and ulti- 
mately in terms of these three arbitrarily chosen fundamental units 
in the C.G.S. System. Leaving, however, the units aside, we in gen- 
eral can express by Newtonian mechanics all i)hcnomena in terms of 
powers of length, mass and time. 

To better understand the foregoing statements, we may discuss 
the process of obtaining a new entity or quantity in nature. When a 
new phenomenon of nature is observed the practice is to deduce quan- 
titatively the behavior manifested by means of controlled, ciuantita- 
tive investigation and to formulate behavior in terms of a mathemat- 
ically expressed law. For example. Coulomb in deriving the law of 
electrostatic force essentially proceeded as follows. He took two 
charges and actually studi(‘d how the forc'e varied for the same two 
charges as distance alone was varied. Then keeping distance constant 
he varied first the state of charge on one body and then the state of 
charge on the other. The numerical results or data were set down 
in table form and by analysis the mathematical laws controlling them 
were deduced and expressed in the generalized form of an equation. 
This procedure led at oik'c to the idea that the force between two 
electrified bodies depended inversely on the square of the distance 
and on the product of two terms that varied with the electrical state 
of excitation of the two bodies. Either one of the two quantities 
q and g' describing the two electrical states of the bodies in the law 

deduced, / = ", he defined as a new quantity in nature, a property 

of electrification, and called it the quantity of electricity. 

The law governing a phenomenon being once formulated, and the 
new quantity in nature defined in terms of things measurable in the 
mechanical terminology ba.sed on Newton, the unitary value of this 
quantity may easily be defined. For assuming as fundamental for 
practical purposes the C. G. S. system of units defined above, all that 
is needed is to solve the equation discovered for the quantities under 
simplifying assumptions, and to set the quantity as unity when each 
of the items in the equation is taken as unity on the C. G, S, system ^ 
Thus, one would write qq' = /r^, and simplify it by letting q = q^ • 
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then = /r^, and q = Vj^ Unit electrostatic quantity was there- 
fore taken as that quantity for which equaled unity as applied 

to the phenomena investigated. Put into words the law then is the 
formal definition so often learned in a parrot-like fashion by most 
students without an understanding of its meaning. This process of 
becoming familiar with a new concept of physics by means of the 
defining equation, and defining the unit in the manner outlined above 
should give a far clearer idea of the concept and the unit, as it pre- 
sent^ in concise mathematical form the relations involved. This 
method will constitute the procedure to be followed throughout the 
book in defining the many new units to be encountered. 

Now in developing a science numerous such new quantities are 
found and it becomes essential to relate and correlate them with each 
other in order that they may be used to the best advantage. It is 
further useful, so to speak, to “ keep books when new quantities 
are found to make sure that things equated are really legitimately 
equated. Thus writing an expression equivalent to an energy equal 
to something that is not energy would introduce obvious errors into 
our results. Finally some new quantities are derived under conditions 
where their nature is not obvious and it pays to establish their nature 
to make the best use of our newly gained knowledge. To avoid pos- 
sible mistakes, and to work to the best advantage, we can check our 
equations by analyzing them into the component three fundamental 
elements underlying all Newtonian mechanics; that is we determine 
the dimensions of a quantity in terms of length written L, mass writ- 
ten M and time written 1\ If the quantities on the two sides of an 
equation have outside of numbers or numerical ratios, which we 
ignore, the same powers of L, M and the equations are dimension- 
ally correct. By the same process we can determine the dimensions 
of a new quantity in terms of known ones. 

The dimensions of a few important physical quantities are as fol- 


lows: L = length, M = mass, T 


time; velocity, z; = - = 
t 


acceleration, a = ~ = force,/ — ma — MLT^^\ work, w = fs 

t 


= power, p = — = Now two equations frequently 

t 

written are that impulse, ft = momentum, mvy and that kinetic 
energy, = work, fs. To test the correctness of these assertions 

we can set ft = {MLT~^)T = M{LT~^) = mv which we see is an 
identity, and = \M{LT~^y^ = {MLT'''^)L == /5, which, neglect- 
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ing a numerical constant, is also seen to be an identity. Another ex- 
ample of the use of dimensions is from modern physics. It was found 
that a doby can be set into vibration at its natural frequency v only 
if it receives an energy given by hv, where A is a new universal 
constant. One may ask what units h is to be expressed in, or in other 
words what h is dimensionally. = hv, now v 

= frequency = number per unit time = T'~^. Thus 
= or h = Now ML^T~^ is energy so that h has the 

dimensions of energy times time and h is evaluated as 6.55 X 10“^^ 
ergs X seconds.* Again we can consider temperature as an admirable 
illustration. Temperature begins to acquire a physical significance 
with the adoption of the ideal gas law relation pV = RT, where T is 

/ 

absolute temperature. Now P = v = V = L^, and 

/L 


pV = ML^T~^y or energy. Hence, RT is work or energy, and in fact 
the later development of the kinetic theory showed that RT is | the 
total kinetic energy of the molecules of a gas. Thus we gain an actual 
understanding of the nature of RT and hence of temperature, for T 
multiplied by R gives the energy in the gas at a temperature 7\ T 
being the scale factor of the energy content. 

Another very interesting, important and illuminating illustration 
comes from electricity.f In the electrostatic system quantity is 


defined as ^ fr^D, where D is a, new constant of the materials in 
which q finds itself, called the dielectric constant, t Its dimensions 
are unknown and are ignored in the text except in this discujssion. 
Thus qes = D"^M^L^T-K Now in the electro magnetic system of 
units qem = it, where i is current and t is time. But i is defined from 
, i(lsm 

Ampere’s law which says that / = — where ds and r are lengths 


and m is magnetic pole strength. Now / = — where m is pole 

fir- 

strength, r a distance and m is the magnetic permeability, a property 
of the magnetic materials surrounding m, the dimensions of which 
are unknown. The dimensions of n arc again ignored in the text 

* Again moment of momentum mvr — ML^T'~^ — hf so that h has simultaneously 
the properties of mvr and wt^ a conclusion of far-reaching importance for atomic 
structure. 

t This discussion is included at this place for reference. It is appropriate here 
as an example of one of the uses of dimensional reasoning and should somewhere be 
included in the text in regard to the ratio of units. It was deemed best to insert it 
at this point as there seems no other suitable place in the text. 

t In the use of Coulomb’s law on page 67, D was omitted as it was not discovered 
until much after Coulomb's time by Faraday. 
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except in this discussion. Accordingly, m — Thus 

i = and it = Now the 

quantities qem and should be dimensionally the same, for they 
represent quantity of electricity ^ differently measured and yet believed 
to be the same. Thus qEM = qss and 


This relation can only hold true if LT~^ = 


1 

V u>D 


Now LT~^ is a 


velocity v. Thus must be a velocity. The question then arises 

VixD 

as to what this velocity represents. If the unit q^M be measured and 
the number of the units of qKs equivalent to one unit qsM be deter- 
mined experimentally the experiments establish the relation as 
3 X 10^® electrostatic units of quantity, being equal to 1 elec- 
tromagnetic unit, qKM. The numerical ratio is the velocity of light 

in empty space in cm/sec, i.e., absolute C.G.S. units. Hence 

might be expected to represent the velocity of an electromagnetic, or 
light wave. It was the discovery of this ratio that led Maxwell to 
investigate the electromagnetic relations and deduce the fact that 
they should lead to a wave motion in empty space with the properties 


1 

'\/ liD 


of light and a velocity 


1 

V 


That that quantity — 7=^ actually does 


represent the velocity of light can be shown as follows from our 
dimensional analysis. 

If we let Nes be the number of E.S.U. in a given quantity of elec- 
tricity the expression is the complete expression 

for the quantity, and if Nem be the number of E.M.U. in the same 
quantity, is also the complete expression for the 

quantity. Here Nes and Nem are mere mimbers giving the numerical 
values involved. Thus since the two expressions for quantity above 
represent the same quantity. 


Nes{D'Hi"^T-^) = Nem{h-^-^M"'^I}'^) 
Nem 1 . 1 


Nes 3 X IQio 


= LT~\' 




As in units is in absolute C.G.S. units = 1 cm/sec, and — 7= 

is related to this in the ratio of 3 X 10^® to 1, for Nem and Nes are pure 
numbers, hence must be a velocity 3 X 10^® times as great as 
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Thus — 7 = represents a velocity of 3 X 10^® cm per second 

r that of light. Hence by dimensional reasoning, coupled with 
xperimental fact, we have arrived at the conclusion that while sepa- 


itely jjL and D have indeterminate dimensions, in the form 


1 


V 


they 


^present a velocity which is that of propagation of electromagnetic 
/^aves through empty space or 3 X 10^^ cm/sec, and that the ratios 
f the fundamental electrical units in use in this course based on this 
eduction are equal to the velocity of light in magnitude. 


10. APPLICATION OF LAW OF FORCE TO SPECIAL CASES 

Now Coulomb’s early measurements were inexact because of the 
omplication of other poles, and the exact study of the forces between 
>oles and their measurements must be achieved in a more indirect 
nanner. Since we determine pole strength by forces we can use the 
nethods applicable to forces to study poles. The magnetic force 
las magnitude and direction. It is, therefore, a vector. The study 
if the resultant force at any point, due to a series of magnetic poles 
i\ its neighborhood, is accomplished through the vectorial addition 
>f the separate forces due to the separate poles. This treatment 
assumes that the force due to each pole acts independently of the presence 
f other poles. Using this assumption, we can study the field due to 
ertain arrangements of poles which have a practical bearing on 
)roblcms to come. 

Case 1 . — The field of an isolated north or south pole of strength 
t m in air at a point r cm distant from the pole is by definition 


m , 

// = ± — in the direction of r, 
r- 

mm' 

Therefore the force on a pole m' is m'll = db — 

Case 2. — The field at a point A distant d cm from the center C, 
Mg. 10, of a bar magnet whose 
ength is I cm, and whose pole 
trength is m units, may be found 
is follows. Due to the north pole 
he force is one of repulsion at A 
ind is expressed by 

m 

fi = + 



r— 

1 

y 

L 

H 

1 

c*— — — 


ta 

1 m 


m 1 


Fig. 10. 


('-3 


on unit pole, 
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and the force due to the south pole is one of attraction and is expressed 
by: 

r • 1 

u= 7 7—, on unit pole. 

The resultant force fr is given by: 


fr ^ + 


7n 


m 


-.T 


- — — , on unit pole. 


d + 


/ 


Reducing this by algebraic manipulation one arrives at the final 
expression 

], = 7 on unit pole at A, 


(--O’ 


If / is small, /- may be neglected compared to dr. The force on 
unit pole at A then becomes 


!r = 


1ml 

IF 


= 7/ 


which suffices for the solution of many simple problems. 

It is seen from this that the field falls off rapidly with the distance 
from a magnet, and it makes the detection of the magnet at a large 
distance very difficult. Thus, although it was suggested that the 
magnetization due to the electrical equipment of a submarine might 
be used for detecting its presence, the very weakness of the magnetic 

forces at distances of approach 
which made the submarine dan- 
gerous, made detection impossi- 
ble. 

Case 3. — Consider the force 
at a point A, Fig. 11, distant 
h from the center C of a bar 
magnet of a length /, where h is 
Fig. 11. taken in a direction perpendic- 

ular to the bar magnet of pole 
strength m at its center. Call d the distance from the poles of the 
magnet to the point at which the force is to be determined. It will 
be noticed that the distances d are equal. In this case the force 
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exerted on unit north pole by the north pole will be away from the 
latter and will have a magnitude /i given by 



7n 



The force on unit north pole due to the south pole will be directed 
toward that pole and will have the magnitude /2 given by 



m 



In this case the resultant force Jr is obtained by the vectorial addi- 
tion of /i and / 2 . It is reprevsented by the small vector Jr, and since 
Ji and J 2 iire equal in magnitude, /r will be parallel to the* axis of the 
magnet. From similar triangles it can be seen that 


/i 

fr 


d 

/’ 


Jr 




whence 



ml 



, on unit pole at A, 


If / is small compared to h 

r ^ 

Jr = -- 7 , on unit pole at A, 

Case 4. — For any other 
j)oint A around the bar 
magnet the resultant force 
is easily determined by the 
following method. From 
A, Fig. 12, draw a line AD 
parallel to the axis of the 
magnet, join A to the north 
and south poles, call the 
force of repulsion due to the 
north pole /i, and that of 
attraction due to the south 
pole / 2 . Call I the length 





s 

Fig. 12. — Calculation of Field at Any Point Near 
an Isolated Bar Magnet. 


of the magnet, and draw a perpendicular D to the center C of the 


magnet intersecting AD dt D, 
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If one call d the distance CD from the center of the magnet along 
the normal to the point where it intersects the line from A parallel 
to the axis, and if one call h the distance AD from this point of inter- 
section to the point A, one can express the forces /i and /2 on unit 
pole at A in terms of the pole strength m and the distances h and d 
by the equations: 


h = 



/2 


m 


d^ -]r \h -\- 


The resultant force fr on unit pole at A may be at once found from 
the relation 

fr^ =/i2+/2‘" + 2 / 1/2 COS 0 

where 6 is the angle between /i and 
/ 2 . It will be noted that if d is less 
than 90^ the cosine term is positive, 
and if 0 is greater than 90° it is 
negative. The angle (p of the re- 
sultant fr with one of the original 
forces / 2 , Fig. 13, can be found, as 
in the solution of all force trian- 
gles, from the well-known relation that 



/i 

'fr 


s\n<p . A • a 

whence sin <p = -. sin 0 


sin 9^ fr 

and the value of (p can be found from 
the tables. 

Case 5. — For any number of 
magnets the problem resolves itself 
into calculating the forces for each 
pole and composing the forces to a 
single resultant, using the laws of 
composition of forces. 

Case 6. — The next problem which 
is of importance is the interaction be- 
tween a field and a magnet oriented in 
any position in that field. Asvsume a uniform field of strength H repre- 
sented by the parallel lines of Fig. 14. Assume a magnet of pole 
strength m lying in the field in such a way that its axis makes an angle 9 



' ■ ’~-z=z^ V-I 


i/k sin. 0 







^3 sill. 0 



Fig. 14. 




—Forces on a Magnet in a 
Uniform Field. 
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with the field. The north pole is urged in the direction of the arrow at N, 
The south pole is urged in the direction of the arrow at 5. The result of 
the action of these two forces, since they must be equal, the field being 
assumed uniform and the poles equal, will be to exert a simple torque 
on the magnet, for the equality of the forces in opposite directions on 
the magnet as a whole precludes translatory motion. This torque 
would cause the magnet to turn so that its north pole is towards 
the south pole creating the field, and its south pole is towards the 
north pole creating the field. It is important to be able to calculate 
the magnitude of this torque. The force on the north pole is b} 
definition Ilm. If / is the length of the magnet, it acts on a lever arm 

^ sin 6. The south pole is urged in the opposite direction with a 

force Ilm and the force moment which would cause rotation in the 

I 

same sense as that acting by means of the north pole will be Hm - sin 0, 

The resulting force moment symbolically expressed by the quantity 
G is given by 

1 

G = 2 Ilm - sin 0 = Ilml sin 0. 

2 

It is seen that the torque depends on the field strength, on the 
angle 0, and on the product of the pole strength by the length of the 
magnet. This quantity ml is a constant of the magnet as long as its 
pole strength is unchanged. We define this product ml as the magnetic 
moment of the magnet and denote it by the symbol M. The use of the 
moment M of a magnet is exceedingly convenient inasmuch as it 
enables us to use a quantity characteristic of the properties of a given 
magnet which is independent of the uncertain length of the magnet 
as is seen in Chapter I. Tlie magnetism at the end of a magnetic bar 
of iron is distributed in a very complex manner. The determination 
of the location of the center of magnetism and hence determination 
of the distance between the poles composing the magnet is practically 
impossible with such a distribution. The magnetic moment defines 
product of the pole strength times the length of the magnet, which is 
independent of any knowledge of the distribution of magnetism, but 
characterizes the action of the magnet on other magnets and in fields. 
Thus all our equations involving the study of magnets involve simply 
the evaluation of this convenient constant which sufficiently defines a 
magnet for practical purposes. The torque on the magnet in the field 
is accordingly written as G = HM sin 0. This equation is very im- 
portant and will be used freely in what follows. 
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THE ABSOLUTE DETERMINATION OF POLE STRENGTH AND 
MAGNETIC FIELDS. THE EARTH’S FIELD— FIELD CON- 
VENTIONS 

11. THE ABSOLUTE DETERMINATION OF POLE STRENGTH AND MAG- 
NETIC FIELDS 

We now turn to an important question: the method of measuring 
pole strength. As was stated at the beginning, it is impossible to 
make direct use of the definition of pole strength in order to measure 
that quantity. It is essential, however, for us to be able to determine 
the pole strength w, or the magnetic moment Af, in absolute units. 
If we could determine either the pole strength of a magnet or the 
magnitude of a uniform field II in absolute units it would be possible 
thereafter to determine the strength of all other magnets by means of 
these, using the equation for the torque on a magnet in a uniform 
field, deduced in the last Chapter, or the tangent law to be deduced 
in Chapter V. 

As it originally was impossible to obtain a magnetic field of known 
value or a magnet of known pole strength it became necessary to 
measure these quantities indirectly. The method to be outlined makes 
use of the fact that the earth in the absence of magnetic materials 
gives a practically uniform magnetic field. By studying the forces 
acting on a magnet in such a uniform magnetic field it is possible to 
determine both the value of the magnetic moment M of the magnet 
and the absolute value of the earth’s field IL 

Because there are two unknowns, M and //, to be determined, this 
requires that two simultaneous equations containing M and H be set 
up, solution of which will give M and IL This in turn requires two 
experiments jvhich give two relationships between M and IL The 
first experimeijt gives the ratio of the magnetic moment M of the 

M 

magnet to the strength of the earth’s field II, or the quantity — . 

H 

The second experiment gives the product of the magnetic field H 
and the magnetic moment M of the magnet. From the value of these 
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two ratios M and II may be solved for, as we have two simultaneous 
equations with only two unknowns. 

12. EXPERIMENT I, M/H 

The magnet of pole strength m, length /, and moment il/, Fig. 15, 
is placed with its axis at right angles to the earth’s magnetic field IL 
At a distance r from the center of the magnet there is placed a small 
compass needle represented in the figure by magnet A, As a result 
of the field due to the bar magnet, the small compass needle suffers a 
torcjue tending to pull its south pole toward the magnet and to repel 



the north pole. At the same time, in the earth’s field the small compass 
needle suffers a pull on its south pole urging it downward in the 
figure, and on its north pole urging it upward in the figure. The 
force /jif acting on the north pole of this needle due to the bar magnet 
and the force Jh acting on the same pole tend to cause a rotation of 
the compass needle in opposite senses. Since the torques vary with 
the angle 6, the needle of the small compass will come to rest at an 
angle B with the field such that the torques due to the ea'rth’s field and 
to the bar magnet are equal. * 

The conditions for equilibrium may then be determined. Gm 
represents the force moment on the compass needle pulling its south 
pole toward the bar magnet. Assuming the magnetic moment of the 
small compass needle to be M\ and its pole strength to be m\ the 
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tDrque due to the field of the bar magnet at A which we will designate 
by Gm = cos 6, In a similar fashion the torque produced by 

the earth’s field II due to its action on the south pole of the small 
compass needle is given by Gh = ^/hM' sin 6, Since the north 
pole is acted on in the same fashion the torques on the small compass 
needle of moment M' will be twice the values given above. In equi- 
librium Gh = Gm- Therefore /a/i/' cos 6 = fuM^ sin 6. But Jh = 
m'll, therefore, 

Jm 


m'll 


= tan 0, 


Since/M, the force on a pole of strength m' at a point A due to a magnet 

2 Mm' 

of moment 71/, is approximately given by — — as seen in the last 


^3 


chapter, therefore. 


M 

II 


= tan 6, 


13. EXPERIMENT II, MH * 

In order to get a value of Mil the bar magnet used above is sus- 
pended in a stirrup in the earth’s field by a fine fiber so that the bar 
magnet rotates about a vertical axis through its center, and perpendic- 
ular to its length. The fiber must be so fine that its torsional constant 
is negligible compared to the torques acting. If such a magnet is 
twisted from its position of rest parallel to the earth’s field a torque 
is set up tending to urge it to return to its position of rest. By the 
last chapter this torque is given by 

G = IIM sin 6. 

For small values of 6 (less than 10°), sin 9 approximates 0, whence 
one has. 

Mil = 

9 

* An alternative way of determining the product Mil is to suspend the bar magnet 
of moment M perpendicular to the earth's field by a bifilar suspension and observing 
the angle through which the magnet is deflected from the rest position by means of a 
mirror and scale. The determination of the rest position of the magnet and the orien- 
tation of the axis of the magnet perpendicular to the earth’s field with a bifilar sus- 
pension is achieved by replacing the magnet by a dummy magnet of the same dimen- 
sions, made of a non-magnetic substance. The product Mil is then evaluated from 
the angle of deflection and the characteristic equation for bifilar orientation. This 
method is, however, much less accurate than the method of oscillations which is the 
piethod in standard use. 
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G G 

Now if — is known we can get the product Mil, — is nothing else 
6 6 


than the torque constant of the system for oscillatory motion. If 
the fiber suspending it exerts no influence on the period of oscillation, 
a well known theorem in mechanics relates this force constant for os- 
cillatory motion to the period of oscillation T of the magnet and its 
moment of inertia I. 

This is 


T - 



Therefore 


and 



Mil = 


47r“/ 


By experiment I, however, wc had 


M tan 6 

71 ■" 2 ■ 


Solving the two equations we obtain 


IP = 


SwM 


tan d 


and 


il/2 = tan 0. 


Thus we have obtained the value of M the magnetic moment of 
the bar magnet and the value of II the earth ^s field by the two meas- 
urements. This is the fundamental measurement of the magnetic 
quantities in terms of the absolute C.G.S. system of units. The 
method is therefore the basis of all our quantitative knowledge of 
magnetic phenomena and as such is of prime importance. Having 
once determined cither M or II the evaluation of any other magnetic 
poles or fields is a simple matter by use of the tangent law, or the 
torsion balance. (See end of Chapter V.) The instrument used in mak- 
ing the determination of MH is known as the magnetometer and it is 
used quite widely in studying the earth’s magnetic field. The mag- 
netic standards having once been established by magnetometer 
methods we are able to calibrate magnetic fields produced by currents 
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so that in terms of our current standards we are now able to produce 
magnetic fields of known value without recourse to the investigations 
outlined. 


14. NOTE ON THE MEANING OF THE TORSIONAL CONSTANT Tg 

It is often useful in the study of fields to use a suspension where 
the torsional constant is not negligible. If this is the case the me- 
chanical torque G on a fiber twisted through an angle 0 is given by 
G = Tod, To can be computed from the dimensions of the fiber by 

IT' 


the equation To = 


where r is the radius of the fiber, / is its 


length, and rj is the coefficient of rigidity to be found in tables for any 
substance, rj is given in absolute units, and if r and I are in cm, then 
To is in dynes X cm, per radian. G is in dynes X cm when^ is in radians. 

If To cannot be computed, it can be measured by putting a non- 
magnetic mass of known moment of inertia I on the suspension and 
measuring its period of oscillation T. Then as 


T = liryj-' T = 2W~l/'I\u and To 


47rV 
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15. THE EARTH^S MAGNETIC FIELD 

The knowledge of the earth’s magnetic field which we are able tp 
obtain by the magnetometer is of considerable importance in many 
domains. The magnetic field of the earth has been mc^isured over a 
greater part of the earth’s surface and is constantly being measured at 
certain fixed stations. This knowledge of the earth’s magnetic field, 
in addition to helping to answer questions of theoretical interest such 
as the origin of the earth’s magnetic field, has been an aid to navigation. 
Practically all of the merchant ships still use the magnetic compass, 
and accurate knowledge of the magnetic field of the earth is therefore 
essential in the making of marine charts. To some extent the so-called 
gyrostatic compasses are replacing the magnetic. Their installation 
is, however, very expensive and a failure of the gyrostatic compass 
leaves a ship without means for proper navigation. There is no ship 
in general service that is not equipped with an auxiliary magnetic 
compass, and the gyro-compasses are checked daily and even hourly 
against the standard magnetic comp^lsses when under way, owing to 
the tendency of the mechanically complex gyro-compass to get out of 
order and undergo a precessional motion which over a course of time 
causes a progressively greater error in its indication. 
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The direction of the magnetic field of the earth with respect to the 
earth’s surface varies with the point on the earth’s surface chosen. 
At or near the equator the lines of force run parallel to the earth’s 
surface. This, however, is not the case at the earth’s poles. In fact, 
even in Berkeley, the compass needle if suspended on a horizontal 
axis would dip downward at an angle of about 70° with the horizontal. 
Furthermore, the magnetic needle does not point true north, that is, 
the magnetic axis of the earth is not the same as the axis of rotation. 
The location of the magnetic north pole is given by 

N = 70°5' N lat, 96°46' W longitude 

and the location of tlie south magnetic pole is given by 

S = 72°25' 5 lat, 155°16' E longitude 

Thus it is seen that not only does the magnetic axis of the earth 
deviate materially from its axis of rotation but the magnetic axis 
does not even pass through the center of the earth. Furthermore, 
the angle between the true north and the magnetic needle is not con- 
stant from year to year. For instance, it was 17°0' west of true 
north at London in 1894. In 1910, it was 16°S' west of true north at 
London. In Berkeley, the magnetic north is 18°20' east of true north. 

The deviation of the magnetic needle from the true north is called 
the declination. The inclination of the needle, mounted on a horizontal 
dxis, with the horizontal is in Berkeley about 70° and is called the dip 
or magnetic inclination. As stated before, the dip is 0 at the equator 
and approaches 90° near the poles. The intensity of the field //, as 
defined and measured above, acting on our compass needles which 
are mounted horizontally is therefore not the total intensity of the 
earth’s field, for the field acts at an angle 6 with the horizontal. The 
H mentioned in our discussion early in the chapter is the horizontal 
component of the earth's field. If we know the horizontal component 
H and the angle of dip, 6, the total magnetic intensity of the earth’s 
field Hm may be obtained by the relation 


For the use of mariners and students of the earth’s magnetic 
field maps have been constructed to show: 

(а) Lines of equal declination called isogonic lines. 

(б) Lines of equal dip called isoclinic lines. 

(c) Lines of equal intensity known as isodynamic lines. 
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16. CONVENTIONAL REPRESENTATION OF FIELDS OF FORCE 

The representation of the fields of force in terms of such maps is 
more useful for the mariner than for the physicist. It is often con- 
venient for the physicist to represent a magnetic fielddia grammat- 
ically. To do this he has adopted a certain convention. A unit 
magnetic field, where the field is one gauss, is depicted by drawing one line 
per sq, cm of area taken normal to the line representing the direction of the 
force. If the field has an intensity of II gauss, there are II lines per 
scj. cm of area taken normal to the direction of the lines. For instance, 
if one wished to represent the horizontal intensity of the earth’s field 
by lines of force, which at Berkeley is .25 gauss, one would do this 
by drawing one line to every 4 sq. cm of area normal to the direction 
of the lines of force. 

Another consideration is also of importance. The field intensity 
at a distance of 1 cm from a single pole * w is by definition m gauss. 
Therefore, for the spherical surface of radius 1 cm alx)ut this pole 
there are m lines for each sq. cm of the surface. Now such a sphere 
has a surface area of 47r sep cm. Thus, from the pole of strength m 
there must emerge a total of Airm lines of force. That means that 
from each unit pole there are Air lines of force emerging. The lines of 
force emerging from a pole are constant in number. Thus 1 cm from 
a unit pole there is one line of force per sq. cm; two ems from a unit 
pole there is one line of force per 4 sq. cm. This decrease in the 
number of lines per unit area as one recedes from the poles indicates 
the decrease in the field strength as one moves away from the pole. 

Sometimes it is more convenient to deal with a tube of force. A 
tube of force may be considered as the surface surrounding a given 
number of lines of force issuing from a pole in such a manner that no 
lines of force emerge through the sides of the tube. It is really the 
region in space which contains a constant number of lines of force 
which originally start from a pole. The lines of force near the sides 
of the tube thus are parallel to the sides of the tube, for they do not 
emerge. Putting it in another way, one might state that it is a 
volume parallel to the lines of force which also has in it a constant 
number of lines of force. The magnetic intensity varies inversely 
as the area of cross section of such a tube of force. We may define 
the flux density in such a tube as the number of lines of force divided 
by the area taken normal to the lines, 

• Of course, it is understood that such an isolated single pole is an idealized con- 
cept, for a pole can never exist isolated by itself. It is always accompanied by an 
equal and opposite pole in the same magnet. 
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ELECTRIC CURRENTS 

17. HISTORICAL SKETCH 

The discovery of electrical currents dates from Gray and du Fay 
in 1729, who showed that a static electrical charge was carried from 
one body to another by means of conducting wires. Before 1750 
it was known that the velocity of transport of electricity was very 
high. No further progress could be made in the study of currents 
owing to the fact that the currents from static charges flowed over 
such short intervals and were so weak that experimentation was 
imposvsible. In the period 1786 to 1799 the discovery of the means 
of producing larger currents was made. It came as a result of the 
investigations stimulated by the physiological researches of Galvani. 
He had observed that a static machine on a table made frog’s muscles 
twitch. Franklin’s experiment with the kite had shown the identity 
of static electricity and lightning. Galvani therefore hung muscles 
on wires in the air. As might have been expected from Franklin’s 
work, Galvani observed twitches. However, twitches occurred in 
the absence of thunder showers. Galvani found that a single wire 
in some cases sufficed to cause the twitching. He explained the effect 
as coming from the muscle nerve system as such effects had been 
observed in the electrical fish. Volta was keener. He ascribed the 
effect to the metal. He found that the effect was strong and repro- 
ducible when wires from two metals in contact were touched to two 
parts of the nerve. He found that one metcil sufficed if there were a 
temperature gradient in the metal. The effect was made still more 
pronounced if the two metals were .separated by a damp cloth con- 
taining an electrolyte. This was the origin of the Voltaic pile, or 
electric cell. Volta showed by means of an electroscope and multi- 
plier (see page 210) that the effect was produced by an electrical 
charge. He found that if he took a series of disks of two different 
metals separated alternately by wet cloths he obtained an additive 
effect so that the electrical effect of one element was multiplied by 
the number of elements used. Such sources of electrical current 
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enabled currents to be investigated. Today, vve have the following 
sources of electrical currents: 

(a) The flow of static electricity. 

(b) The Voltaic pile. 

(c) Heating of a junction of two metals. 

(d) The cutting of magnetic lines of force by a conductor (Fara- 
day, 1831). 

(c) Animal electrification, which is meiely a manifestation of 
Voltaic pile activities in organic tissues. 


18. MAGNETIC FIELD OF A CURRENT 


Until 1819, no (|uantitati\'e measurements of elei'tric currents 
wxTe possible. Oersted was the discoverer of a phenomenon wfliich 
lead to a means of measuring the currents. Oersted, having noticed 
the electrical polarity of the X^oltaic pile, looked for a magnetic effect 
because magnets were knowai to have polarity. In experimenting 
with the circuits of electricity he observed that wflien an elec- 
trical circuit from a cell was closed a magnetic needle near one of 
the conducting wares was deflected. The investigation showxd 
that there was a magnetic field about a conductor carrying a 
current. 

The nature of such a field is best showai by memorizing a simple 

rule known as the 
ri^JU hand rule. This 
rule says that if the 
thumb of the right 
hand indicates the 
direction in which 
the current is flow- 
ing the lines of mag- 
netic force circle the 
conductor in the di- 
rection of the fingers 
of the closed hand. 
That is, if a wire 
carries a current as indicated in Fig. 16, an isolated north magnetic 
pole would move about the conductor in the direction of the arrows. 
While on the whole it is a poor policy to memorize several arbitrary 
rules such as the right hand rule, the dynamo and the motor rule, 
an exception may be made in the case of the right hand rule. It 
wall be found that if this rule be remembered the interactions of wires 



Fio. 10. — 'fhe Rij;lit Ilaiul Rule. 
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carrying currents in magnetic fields of any sort can be predicted. 
(See Chapter X\’II.) 

19. AMPfiRE»S RULE AND DEFINITION OF UNIT CURRENT 

In 1820, a brilliant experimentalist investigated the laws of cur- 
rents. This was Ampere, and his study, which is the basis of all mod- 
ern current measurements and is the essential to most current cal- 
culations, led to a general formulation of the field produced by the 
current. From these investigations we have the definition of the 
unit of electrical current and the foundation of the so-callcd elec- 
tromagnetic system of units. Ampere showed that the force on a 
magnet pole in the neighborhood of a wire carrying a current is 
proportional to the length of the wire takeji perpendicular to the line 
joining the element to the point considered, is proportional to the cur- 
rent, and is inversely proportional to the square of the distance from 
that current. The law may thus be expressed in the following equa- 
tion : The force / on a magnetic pole m, at a distance r, from an 
clement of conduction of length, ds^ perpendicular to r, carrying a 
a current /a, is given by 

^ _ minds 
r'l 

If the conductor carr\'ing a current be bent 
in the form of a circle of radius r, Fig. 17, the 
center of the circle will everywhere be equally 
distant from the wire, and the line from the 
center of the circle to the conductor will be Definiiion of 

everywhere perpendicular to the current. If the ” ^ ‘ 

circle have a radius r the element ds will have a length Iwr cm. The 
force on a pole of strength m will then be 

^ 2wiam 
r 

This at once leads us to a definition of electrical current in terms of 
the radius of the circle, the pole strength of the magnet, and the force 
exerted on the magnet. This definition of current is based on the 
magnetic action of the current, and furnishes the only direct means 
of establishing the magnitude of a current. Since the concept of a 
current at once establishes two other concepts based on the definition 
of the current, to wit, quantity and potential, it is seen that this 
definition constitutes the basis of a system of units, appropriately 
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named the electromagnetic system. The equation defining current is 
then the expression 

ia == ^ 

lirrm mds 

The electromagnetic unit of current in the C.G.S. system will 
then be defined by the equation above if when r = 1 cm, ds = \ cm 
normal to r, and m = unit magnetic pole, the force acting is 1 dyne. 
This leads to the usual definition given for unit electrical current; 
namely, unit electromagnetic current is the current which flowing in a 
wire 1 cm long, bent into an arc of radius I cm, produces a magnetic 
field of 1 gauss at its center (or exerts unit force on a unit pole at the 
center of thq^c). 


20. ALTERNATIVE DEFINITION OF UNIT CURRENT 






< 
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The fact that the wire carrying such a current exerts a force on 
a unit magnetic pole at the center of the circle leads to another defini- 
tion of unit current which will be of use later on. This definition 

is based on the fact that if the field pro- 
duced by the current acts on a unit pole 
at the center with a force of 1 dyne, the 
pole acts on the wire producing the field 
with a force of 1 dyne. Now, a unit pole 
producing a unit field along the arc of a 
circle of 1 cm radius acts on a wire of 
unit length normal to that field with a 
force of 1 dyne, that is, the wire carrying 
unit current in a uniform magnetic field of 
unit strength experiences a force of 1 dyne. 
We can, therefore, also define unit current 
as that current which flowing in a straight 
wire 1 cm long, placed perpendicular to a uniform magnetic field of Unit 
strength, experiences a force of 1 dyne. Symbolically, this may be 
stated as follows: Call u the current, / the length of conductor per- 
pendicular to a uniform field II, Fig. 18, then the force in dynes on 
the conductor is given by / = ulll. Whence one can write ia = f/lH. 
Therefore, ia is one absolute electromagnetic unit of current if I is 
1 cm, H is 1 gauss and / is 1 dyne. 

In practice, the unit electrical current here defined is larger than 
the currents commonly dealt with. In order to have a practical unit 
which is convenient in magnitude (i.e., a unit of such magnitude 


perpendicular to 
and out of paper 

Fig. 18 . — Alternative Definition 
of Unit Current. 
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that values of the current must not always be written as a fractional 
part of the unit), the practical unit of current is taken as one-tenth the 
absolute electromagnetic unit. It is called the ampere. Frequently, 
the absolute electromagnetic unit of current is denoted by the term 
ab-ampere, meaning the absolute ampere, and will hereafter be 
denoted by the symbol ia, while the ampere will be represented by 
the symbol i. 

21. DEFINITION OF QUANTITY ON ELECTROMAGNETIC SYSTEM 

OF UNITS 

The definition of current of electricity leads one at once to a defini- 
tion of quantity of electricity in the electromagnetic system. The 
definition is based on an analogy between the flow of water and the 
flow of electrical current. The quantity of water which is flowing 
through a given pipe is defined in terms of the current multiplied by 
the time of flow. Similarly, the quantity of electricity is the current 
multiplied by the time during which it flows. Thus the unit of quan- 
tity in the absolute electromagnetic system is that quantity which is 
represented by a current of one absolute electromagnetic unit flowing 
for one second. Symbolically, this may be represented by writing 
quantity q is equal to current ia times time /, or g = iat. The prac- 
tical unit of quantity is again one-tenth the absolute unit of quantity. 
It is represented by the flow of 1 ampere of current for one second. It 
is named the coidomb and will be represented by the symbol Q, 


22. APPLICATIONS OF AMPERE’S LAW 

We now turn to applications of Ampere s rule to several simple 
cases which have practical uses. 

(1) The Law of Biot and Savart. — ^This 
law gives us the field produced at any dis- 
tance r from an infinitely long straight 
conductor carrying a current ia- For 
practical purposes all that is heeded is 
that the wire be straight and long com- 
pared to the distance r. 

Let AB, Fig. 19, be a long straight Fig. 19.— Field at a Point Due 
wire. Let P be a point distant r cm from Infinitely Long Straight 

it. Let any element of the wire dl be 

chosen, the lower end of which when joined to P gives a line Pdl which 
makes an angle 0 with the line r. Call dS the angle subtended by dl 
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at P. Let ds be the projection of dl on the normal to the line join- 
ing dl and P, and let h represent the length of the line from P to dl. 

Ampere's law says that contribution dll to the field at P by the 
projection of the element of wire dl on the normal to the line joining 
dl and the point P at which the field is required, is given by 



dir = 

ui . 

Now, 

ds - 

hdO, 

hence, 

dii = 

iadd 

As 

h — 

r 


n — 

cos o’ 

tlierefore. 

dii = 

i„ cos 0 


r 


To get the total field at P due to all the little elements, dl or their 
projections ds, one must integrate the contributions dll to this field 
for all the little elements dl, that is, one must integrate dll for ele- 
ments dl running along the wire, from minus infinity to plus infinity 
distant from the perpendicular r. For the positive value of infinity, B 


has the value 


For the negative value it has the value — Hence, 


I dir = I 

dH at jc ^ ^ 


^ n in 

COS 0 (10 ~ 

r 


The field, therefore, at any tlistance r from the long vStraight wire 
is merely twice the current in absolute units divided by the distance r. 
The field strength thus obtained will be expressed in gauss or dynes 
of force per unit pole. 

There is a simple experimental proof of the correctness of this 
law. Let us place a bar magnet B on a frame F so that it is rigidly 
fixed perpendicular to a long wire W carrying a current, as in Fig. 20. 
The frame F is so mounted that the frame and bar magnet are free 



APPLICATIONS OF AMPERE’S LAW 


89 


to rotate about the long wire following the lines of force. Now sup- 
pose the north pole of the bar magnet be nearer the wire than the 
south pole. If the current ia be flowing upward in the wire, the north 
pole will be urged in the direction 
of the arrows and the south pole 
will be urged in the opposite direc- 
tion. Now the law of Biot and 
Savart says that 


lls = 


and 


ILs = 


rs 

2ia 



Fi(.. JO.- 


ICxprrimental IVoof of liiot and 
Savart ’s l^aw. 


where Ily and JI.s arc the fields 
acting at the north and south 
poles, and nv, rs are the distances 
of the north and south poles from the wire. Therefore, it follows 
that = 2ia = r.s7/,s. Since the pole strength for the north and 

south poles are the same, the forces actingon the north and south pole 
should be given by the expression 


mllsrx = nillsrs. 

But the forces inlly and mils represent the actual forces acting on 
the two poles. Hence, the force moment causing the north pole to 
move in the direction of the arrow about the wire and the south pole 
to move in the opposite direction around the wire are given by mul- 
tiplying these forces by the distances tn and rs from the wire. If 
the force moment on the north pole were greater than on the south 
pole the bar magnet as a whole would rotate around the wire. But 
the consequences of Biot and Savart’s law above says that these 
force moments are equal. Consc(iuently, if Biot and Savart’s law is 
correct, there should be no motion. Experiment shows this to be 
true. 

(2) The field at the center of a plane circular coil of radius r. — 

Ampere’s rule says that the force on a unit pole by a current in a wire 
is given by 



In this case r is the radius of the coil, and ds is the length of the arc 
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normal to the line from the center of the circle to the coil. As the 
radius of the circular coil is always perpendicular to the arc, the 
expression for the magnetic field becomes 


„ . r V . i r* - . 

Jq H Jo r- 


liria 


For n turns of wire in the coil, this will be n times as great, or Iln 
iTUia 



Fig. 21. — Field on the Axis of a Circular Coil. 


(3) The Field Produced by a Plane Circular Coil at a Point Distant 
d cm from the Plane of the Coil, Along the Normal to the Coil, at Its 
Center. — Let the coil be represented by the circle drawn in perspec- 
tive, in Fig. 21. 
Call O the center of 
the coil and let its 
axis be the line OB, 
A current ia is flow- 
ing around this coil, 
the radius of which 
is r. It is desired 
to know the mag- 
netic field in magni- 
tude and direction 
at a point jP, at a 
distance d from the 
center of the coil. 

Take any element ds of the coil and draw a line joining ds to P, and r 
joining it to 0. According to the right hand rule the current flowing 
in the coil, as indicated by the arrows, produces a field at P at right 
angles to A, the line joining ds and P, as indicated by PK in the 
diagram. Let the length of the line from to P be A, and let B be the 
angle between h and d. Now, it is obvious that if one regard all the 
elements ds in the circumference of the circular coil, there will be for 
each element an equal element ds\ at the opposite end of the diameter 
of the circle. The fields produced by two such elements will be of the 
same magnitude but in directions such that they will in part neutralize 
each other; that is, their components normal to the axis will cancel 
each other. The resultant field will be the sum of the components 
of the fields produced by the elements ds which are not annihilated 
by the fact that each element ds is paired against a similar element 
at the end of its diameter. Therefore, the component of the field, 
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due to the element ds which is of importance, will be the projection 
of the vector represented by PK on the line OP; that is, it will be 
the force due to the element ds multiplied by sin 6 represented by PC. 
One is now in a position to apply Ampere’s rule. This says that dll = 

In this case, the element of field in which we are interested is the 
component parallel to the axis of the coil and is consequently called: 

dlli = dll sin d. 


Furthermore, r in Ampere’s equation is the length of the line from 
ds to P, or h. If there are n turns of wire in the coil the expression 
for dih must be multiplied by n. 

Hence, 

niads sin 0 


As 


But, 

and 


h 



dIh = 


niads r 


^ + d'^, 



nioT lirniar^ 

(Vh + (r^ + 


23. THE TANGENT GALVANOMETER AND THE SINE GALVANOMETER. 

In practice ia is measured by means of the circular coil divseussed 
in Case 2. The instrument formerly 
used for this is known as the tan- 
gent galvanometer. The term gal- 
vanometer indicates measurer of 
galvanic currents. The type of 
galvanometer receives its designa- 
tion from the essential feature of 
the measuring device to be dis- 
cussed. The tangent galvanometer 
makes use of the comparison of the 
field produced by the current, and 
the field of the earth. For this 22.-Principle of the Tangent 

. . , , Lralvanometer. 

purpose It IS necessary to know the 

earth’s field accurately, and hence the necessity for the careful mag- 
netometric measurement of the earth’s field discussed in Chapter IV 
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Call the field of the earth H and represent it by the parallel lines 
of Fig. 22. Set the coil of the tangent galvanometer with its plane 
parallel to the earth's field as seen in the diagram. The field produced 
by this coil will then be at right angles to the earth’s field. Beside 
the coil the tangent galvanometer has a compass needle mounted on 
an axis at the center of the coil. It is mounted to swing in a hori- 
zontal plane, and its angle with the plane of the coil can be read on 
a graduated scale. The magnetic needle of moment M indicated in 
the sketch will thus be subjected to torques from two sources. The 
field of the coil will cause it to try to set itself at right angles to the 
plane of the coil. The earth’s field will cause it to try to set itself in 
the plane of the coil. As a result the needle will come to rest at an 
angle 6 with the direction of the earth’s field and the plane of the coil. 
This angle 6 will be determined by the relative strengths of the earth’s 
field 11 and the field of the current in the coil //', as the following 
consideration will show. The torque due to the field II is given by 
Gh = //il/sin 6^ where Af is the moment of the needle (see page 74). 
The torque due to the current in the coil is and is given by 6V = 
IVM cos 6. At equilibrium Gh = Gwy hence we can write IIM sin 6 
= II'M cos 6, 

Thus, 

ir 


Now //' is from Case 2 given by IF — 

r 

2 ^ ^ J J 

Hence — = tan 0, and — tan 0, where n is the number of 

rll lirn 

turns of wire in the coil. 

Thus as the earth’s field is known and the constants of the tan- 
gent galvanometer are known, all that is necessary is to pass a current 
through the instrument, measure the angle B, and in will be given 
in absolute units if the earth’s field II is given in Gauss. The quan- 
r 

tity “ — is known as the constant of the galvanometer, for it is char- 
lirn 

acteristic of the particular instrument. To get the current in amperes, 
the current as measured by the tangent galvanometer must be mul- 

. 1. , t r I . lOr// 

tiplied by the factor 10, so that t = tan 6, 

lirn 

Another instrument which is analogous to the tangent galva- 
nometer is the sine galvanometer. In this case, the coil that carries the 
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current is turned in the earth’s magnetic field until the needle lies in 
the plane of the coil as shown in Fig. 23. In this case Gh = H'M 
since the field produced is perpendicular 
to the needle. Gh is, however, Mil sin B 
as before. 

The equilibrium thus yields, 

IVM = Mlism 0, 
and, therefore. 



Ur . 

tfl = - — sin 6. 
Itu 


Fig. 23. — Principle of the Sine 
Galvanometer. 


This instrument is not used at present but furnishes an excellent 
illustration of the principles involved. 



CHAPTER VI 


POTENTIAL DIFFERENCE AND WORK IN AN ELECTRIC 

CIRCUIT 

24. THE CONCEPT OF POTENTIAL 

When we regard the flow of electricity from a voltaic pile through 
a long fine wire, we note that to increase the current it is necessary 
to connect the piles up in series, that is, each zinc element of a pile 
must be connected to the copper clement of the next pile, and so 
on for the number of piles used, as illustrated in Fig. 24. As the 

cells are added the current through a 
given wire to which the end cells are 
connected will increase nearly in propor- 
tion to the number of cells. This in- 
crease in flow of electricity (for so current 

must be considered as a result of the 
Fig. 24. — Voltaic Piles in Series. ^ t 

Study of static electricity) set up by the 

increase in the number of cells might be regarded as an increased flow 

following from a sort of increased electrical pressure. Already as 

early as 1734 the fact that like kinds of electricity repel each other 

and unlike kinds attract each other as well as that electricity could 

travel along a wire, had led to the notion that electricity was a fluid. 

In fact, Benjamin Franklin had proposed the theory that there was 

a weightless electrical fluid, or positive electricity, which repelled 

itself and could flow especially well over metals. A neutral body 

with an excess of positive electricity on this concept is positively 

charged and a neutral body having some of its electrical fluid removed 

has lost its positive electricity^ or has become negatively charged. The 

positive electricity was identified with the so-called vitreous electricity 

obtained by rubbing glass or glavss-like bodies with silk. Thus, as a 

result of attractions between unlike charges and repulsions between 

like charges, accumulations of positive electricity will always, if given 

a chance, flow to places where the density of positive electricity 

becomes less. In other words, if electricity is likened to a fluid it 

will flow until the electrical pressure due to self-repulsion is every- 
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where equal. Thus we see that on this view it must be the electrical 
pressure, or rather the analogue to fluid pressure in electricity, which 
is increased by increasing the voltaic piles in series and which deter- 
mines the current. 

Since the analogue to fluid pressure in electrical circuits deter- 
mines the flow of electricity we must be able to define this factor in 
current flow clearly and to understand its properties. It is, therefore, 
necessary to study the concept of the electrical potential, for so this 
analogue is called, in order to understand electrical circuits. To 
accomplish this easily it is best to consider first the behavior of water, 
a true fluid, whose properties and behavior we can easily visualize. 
Once an understanding in terms of a fluid has been gained the trans- 
fer to the electrical case is a comparatively simple matter. 

When we have water in a tank A, Fig. 25, which can be connected 
to a tank J3 by means of a valve V, we know that if the level in the 
tank A is above that in B 
the water will flow from A 
into By so that when equi- 
librium is reached the 
levels in the two tanks are 
equal. The flow follows 
from the fact that the 
pressure at a point depends 
on the depth of water 
above the point, and for 
points at the same level in 
A and B the pressure must 
be equal to prevent flow. 

Hence, the difference in pressure due to differences in level causes flow. 
Now regard a small mass dm of water in tank A at a level h cm above 
its final level in tank B after flow has ceased. When it moves down 
to the level in the tank By i.e., through a distance hy it does work equal 
to dmghy for to begin with it had potential energy dmgh above its final 
level in the tank B, That is, owing to the force of gravity, dmg on 
the mass dm when it moves a distance h an amount of work dmgh 
is done on it. This work came from its energy of position or potential 
energy in the earth’s gravitational field. If the whole mass m of 
water in the tank had moved through the average distance hy then 
again work equal to mgh would have been done. One may now 
inquire where the energy went, for at rest at the new level there is no 
energy obvious. Had tank B been absent and the valve V and the 
tube had a large diameter, the water would have emerged from A 



Fig. 25 . 
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in a stream as shown in Fig. 26a. This stream could have been used 
to turn a paddle wheel and would have given work. The stream of 
water thus possesses ability to do work in virtue of its motion; that 
is, it has energy of motion, or kinetic energy \mv^. If the pipe and 
valve V had been very small the water, as shown in Fig. 26b, would 
merely have trickled out. There would have been no velocity, and 
thus no energy of motion, and the potential energy mgh would 
have been consumed in the narrow tube and valve in overcoming 
friction. Such energy consumption as Joule showed goes into 
heat. 

Thus it follows that when as a result of pressure differences water 
flows work is done which may be converted into heat as friction or 
into energy of motion in turning a paddle wheel. The work available 
for these processes whether it goes entirely to heat or only partly to 




work and partly to heat is the potential energy mgh. Now the mass 
of water m is the mass or quantity of water which moves, and gh 
represents what is known as the change in gravitational potential 
or level involved in the process. We can thus write gh — P.D. 
where P.D. signifies potential difference. It is seen that g is the 
characteristic constant of the gravitational field, and multiplied by 
the change in level it presents the change in potential or potential 
difference. Since P.D. = gh, and work w = mgh for a mass m trans- 
ferred, we see at once that we can define P.D. by the expression, 
w 

P.D. gh == —. Thus P.D. or potential difference is simply the 
m 

work done per unit quantity or mass transferred. This definition 
says nothing of the nature of the process, it simply gives a new quan- 
tity, potential difference, which is proportional to the head or pres- 
sure that drives the water through the tubes, and is defined as work 
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per unit quantity transferred, i.e., in terms of the performance 
observed. Since the current depends on the head or potential dif- 
ference we see that this new concept is fundamental to an analysis of 
currents in circuits. 

Now in electricity an exactly analogous situation exists. By 
putting more galvanic cells in series apparently the electrical pres- 
sure is raised as more current flows. We may then expect that the 
change of electrical level as a result of flow of electricity will be 
accompanied by phenomena similar to those which occur with the 
change in level of water and its flow. In fact if we connect a voltaic 
pile across a motor it turns over, and mechanical work is done. We 
can also connect the pile to electrodes immersed in water resulting 
in the expenditure of chemical work in decomposing water. Finally 
when we connect the terminals together by a wire which has in 
analogy to the narrow tube with water a high resistance, the energy 
of the current will go into friction and the wire will be observed to 
rise in temperature as electrical current flows in it. 

We may then without further discussion consider that the elec- 
trical difference in level which causes flow of current or electrical 
potential difference P.D. can in analogy to water be defined by an 
w 

equation P.D. = — , where as before we represent by w the work done 

when the quantity of electricity, q (equivalent to the mass of water m 
in our water analogy), has been transported through the difference in 
potential P.D. The potential difference between two points in a circuit 
which represents the difference in electrical level causing the flow of current 
between the points is then defined as the work to transport unit quantity of 
electricity from the one point to the other. 

Now since we have adopted Franklin’s terminology of the nature 
of electricity and arbitrarily assumed that vitreous electricity is the 
positive or real electrical fluid, we must assume a convention of flow 
that conforms to this terminology and to the mutual repulsion of like 
kinds of electricity. We therefore say that a current of positive elec- 
tricity flows from a positive potential to a lower positive potential or 
to a negative potential. The reference point for electrical pressure or 
potential is the potential of the earth, which is arbitrarily for con- 
venience chosen as 0. As a rule in current electricity we are not con- 
cerned with anything but the potential differences between points in a 
circuit. Where a current is flowing we must assume, as in a tube 
with water flowing through it, that there is a fall in potential or elec- 
trical level along the resistance or conduit carrying the current and 
this can be demonstrated experimentally as will be seen. Since we 
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have defined electrical potential difference as P.D. = — , and since q 

(I 


by the last chapter is defined as ijy therefore we can write P.D. = 
or w = P.D. ij ~ ^/P.D. 


w 

iJ 


25. THE DEFINITION OF POTENTIAL IN THE ABSOLUTE ELECTROMAG- 
NETIC SYSTEM 

The question then arises: how does the energy which is consumed 
when electricity falls from the potential of the positive pole to that of 
the negative pole in flowing through a wire manifest itself? Since the 
only work that is done in flowing through the wire is to overcome the 
resistance of the wire to the flow, in an analogy to the case of water, 
we expect the frictional energy which is consumed in the wire to mani- 
fest itself in the production of heat. The truth of this assertion can 
be readily seen by connecting a wire across an electrical power main 
and obvserving the resulting rise in temperature of the wire. It is con- 
sequently very simple to relate the electrical potential difference 
between two points on a wire and the ejuantity of electricity which flows 
through the wire, to the work done, for we can measure the work in 
terms of the heat quantities liberated. The equation above P.D. X iat 
= W may now be equated to IIJ where II is the heat liberated in 
calories and J is the mechanical ecjuivalent of heat relating the calorie 
to ergs of work. Thus we can write our eciuation 

P.D. X iat = IF = IIJ, 

This at once leads to the definition: Potential difference between two 
points in a circuit is the work done when unit quantity of electricity is 
transferred from one point to the other. 

Symbolically, this may be seen from the equation above, 

PO - K -K -{IL 

q i(it iJ 

hence if g = 1 unit of electromagnetic quantity and IF is 1 unit of 
work, P.D. is 1 electromagnetic unit of potential. 

According to this definition, the P.D. between two points is unity in the 
absolute electromagnetic system when a current of one absolute electro- 
magnetic imit, flowing for one second, does one erg of work, or when one 
erg of work must be used to move unit quantity of electricity, in the absolute 
electromagnetic system, from one point to the other, against the potential 
existing. 
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Now, an absolute electromagnetic unit of quantity is a very large 
quantity of electricity. If we are to do as small an amount of work as 
an erg when we move this from one point in the circuit to the other, 
the absolute unit of potential difference must be very small. Another 
way of arriving at the same conclusion comes from the heat relation: 

P.D. = Now if P.D. is unity, II is iat/J- Since for unit quan- 

tity ij equals unity, //will be epual to — calories. 

4.18 XIO^ 

This quantity of heat is too small to measure practically. For 
ordinary purposes, the practical unit of potential difference is a larger 
unit called the volL The practical unit of potential difference is the 
potential difference existing when it takes 10^ ergs of work to move one 
absolute electromagnetic unit of quantity against the existing electrical field. 
Denoting this practical unit of potential difference, the volt, by F, 
we have V = 10® X P.D.e m u* Thus, if we use volts. 


II = 10® 


P.D. X igt 
4.18 X 107 


= 2.4 


ViJ. 


Therefore, II (in calories) = 2.4 X V (in volts) X ia (in absolute units) 
X t (in seconds). Remembering that an absolute unit of current is 
10 amperes the expression becomes, II (in calories) = 0.24 F (in volts) 
X i (in amperes) X t (in seconds). Thus, to measure the potential 
difference in the electromagnetic system all we need do is to pass the 
current through a wire, measure the current in amperes, the time 
in seconds, and the heat developed in calories. From the above equa- 
tion, the heat liberated will then give the potential in volts by means of 
the equation 


0.24zV 


What has gone before gives the definition of potential in the absolute electro- 
magnetic and in the practical system of units. The value of the potential 
difference as above defined can be measured by the arrangement shown 
in Fig. 27, which is the fundamental means of determining the value 
of the volt in the electromagnetic system. C is a calorimeter in which 
a wire coil of resistance R is placed. The coil is surrounded by water 
so that the weight of water plus the water equivalent of the calorim- 
eter furnish a convenient mass for determining the heat liberated in 
the wire. The source of potential which is to be measured is connected 
to the two wires of low resistance of the coil R coming from the calorim- 
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eter C. In series with this coil is placed a galvanometer or ammeter A 
of low resistance for measuring the current. By taking the reading of 
the current on the ammeter with the potential turned on for a known 
time the potential can be evaluated at once by the equation above 



Fig. 27. — Calorimetric Measurement of Potential. 


from the heat given to the calorimeter and the reading of the volt- 
meter V can be checked. 

26. THE DEFINITION OF ELECTRICAL POWER CONSUMPTION 

From the equation developed that P.D. tj = W, wc get the rela- 
tion that 

I 

w. 

' is the time rate of doing work. 'Phat is, it gives the developed. 

Thus, P.D, {in absolute E.^^.U.) X current {hi absolute E.M.U.) 
gives the power in ergs per second. 

V. {in volts) X i {in amperes) gives power in 10^ ergs per second. 
This work is a joule per second, where a joule equals 10^ ergs, 
and the unit, joule per second, is called the watt. 

Therefore one may write: volts times amperes equals watts. 

The watt is the practical unit of power in the C.G.S. system and is 
of great importance in engineering practice. For large power output 
the kilowatt = 1000 watts is used. 

The relation that volts times amperes times seconds equals 10^ 
ergs leads to the interesting relation that volts times amperes times 
seconds equals volts times coulombs, or equals joules of energy. It 
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is worth while to remember these relations, as they are of considerable 
importance in the solution of problems. 


27. THE CONCEPT AND DEFINITION OF ELECTRICAL RESISTANCE 


We now have two absolute units of electricty defined in terms of 
the electrical current. These are the current ia and the potential 
difference P.D. We have also related them to the practical units 
— the ampere and the volt. It is found experimentally that the 
current in a given circuit is proportional to the voltage or potential 
difference applied. That is, for a given circuit, 

P.D. 

— ^ — = a constant. 

'la 


If we keep P.D. constant as we go from one circuit to another, we 
find that ia varies with the form and dimensions of the circuit. That 
P.D. 

is, the ratio — : — depends on the form and dimensions of the circuit, 

t a 

and is a constant of the circuit. This constant is called the resistance 
of the circuit. We consequently define the resistance of a circuity or 
of a portion of a circuit, as the ratio of the potential difference to the cur- 
rent produced. Thus, the unit of resistance in the absolute electro- 
magnetic system is the resistance of a circuit which allows a P.D. 
of one absolute electromagnetic unit to maintain a current of one 
absolute electromagnetic unit in the circuit. Since the absolute unit 
of P.D. is small while the absolute unit of current is large, this abso- 
lute unit of resistance is very small. In practice, the unit of resistance 
used is the resistance which permits a potential difference of 1 volt to 
maintain a current of 1 ampere through it. This unit is known as the 
ohm. Symbolically, this may be represented by 


V (in volts) 
i (in amperes) 


R (in ohms). 


Since the volt is 10^ absolute E.M.U. and the ampere is 10~^ E.M.U., 
the absolute E.M.U. of resistance is 10“^ ohms. 

This law is known as Ohm's law in honor of G. S. Ohm, who was 
the first to deduce this relation between potential difference and cur- 
rent, and to show the significance of potential difference. He derived 
the law using the analogy between the flow of heat in a circuit and 
the flow of electricty in a circuit. This was in 1827, shortly after the 
great mathematician Fourier, in 1822, worked out the laws of 
the flow of heat. 
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It is important to notice in this connection that we now have a 
ratio of two quantities defined in the absolute electromagnetic system, 
potential difference and current. From the ratio of these two we 
find that a given circuit has a constant ratio, and that this is charac- 
teristic of the form of the circuit. We, therefore, use the ratio of potential 
difference and current to define a third quantity which is a characteristic 
of the circuit, called resistance. The two quantities potential differ- 
ence and current, are fundamental quantities, since they are directly 
derived by measurements given for quantities in terms of the abtso- 
lute e.G.S. vsystem. Resistance, however, is a derived unit, for it is 
derived from a ratio of two fundamental units. 

It is essential to avoid the vicious cycle so often indulged in by 
elementary students of physics of defining resistance in terms of cur- 
rent and potential and then turning around and defining potential 
in terms of current and resistance. However, we may define the 
quantities, two of them must always be fundamental and one of them 
derived. It is more logical, in the treatment to follow, to define 
potential and current as fundamental units because of their relation 
to heat and magnetic fields and to treat resistance as a derived unit 
than any other arrangement. (See the Introduction.) 


28. JOULE’S LAW OF HEATING 


We can now briefly apply the relation of Ohm's law to the heat- 
ing effect of an electric current. 

For we wrote. 


Since 


we can write 


11 = 0.24 Vit, 



II = 0.24 i^Rt, 


This says that the heating effect is proportional to the square of the 
current, and to the resistance of the circuit. The heating effect varies 
from circuit to circuit as the resistance varies. This law is known as 
Joule's law of heating. 

A nice verification of Joule's law can be seen in the experiment 
to be described. Three coils, Ri, R 2 and R 3 , of exactly equal resist- 
ance R are wound on insulating frames as shown in Fig. 28. The 
resistances Ri and R 2 are connected together and the leads from a 
potential main are connected across them directly, one of the wires 
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from the main, however, first passing through the third coil R 3 . The 
current i from the main flows through R 3 and then splits, one-half 
going through Ri and one-half going through Ro- Now coils Ri and 
R 2 are immersed in separate beakers with 200 cm^ of water in eacli 



Fig. 28. — Verification of Joule’s Law of Heating. 


of them while R 3 is in a beaker with 400 cm'^ of water. The heat in 

the beakers with and Ry is Hi = 0.24 ^^^2^ ^ while that in the 

beaker with R 3 is Ih = 0.24 Ri'^L Since the heat, Ihy in R 3 is four 
times Illy that in and 7^2, then the 400 enr^ of water in tlie beaker 
with R 3 will boil long before that in the beakers R\ and Rz with 200 cm^ 
of water each. 




CHAPTER VII 


ELECTRIC CURRENTS AND RESISTANCE 

In the last chapter it was shown that in each circuit there is a 
quantity defined by the ratio of potential difference to the current 
flowing which was called the resistance of the circuit. This general 
law. 



holds for any part of the circAiit as ivell as for the circuit as a whole, pro- 
vided i is the total current flowing between the points across which 
the potential V exists. If, by chance, R is known, and one can meas- 
ure i, the potential is given at once by the expre.ssion V = iR. This 
potential difference, defined by iR, is often spoken of colloquially as 
the iR drop in the circuit, as it measures the drop in potential between 
the two points <lelimiting R, 

The potential difference between any point on a wire and the point 
of lowest potential on the wire drops continuously as one approaches 
the point of lowest potential. An analogy to the case of flow of 
water in a long tube where the hydrostatic pressure, or the poten- 
tial, at the orifice is 0, while at the other end of the tube it has the 
maximum potential applied, shows that if a series of manometers are 
placed at various points along the tube they indicate a progressive 
fall of potential, or pressure, down to the open orifice. 


29. NATURE OF RESISTANCE AND ITS VARIATION 

How the potential varies along a conductor can be calculated 
from the relation just given, V = iR, if we know i and the value of R 
over the portion of the circuit considered. It therefore becomes 
necessary to study the laws of resistance. Experiment has shown 
that for a given uniform conductor, the resistance R is proportional 
to the length /, and is inversely proportional to the area of cross- 

104 
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section A. The relation between these three quantities is given by 
the expression 

In this equation is the constant of proportionality and is a 
characteristic constant of the material of the conductor. Actually, 
it is the value of i? when / = I cm, and ^ = 1 sq. cm. Thus Rs is the 
resistance, in ohms, of a unit cube of the material. As Rs is a char- 
acteristic of the material, il is called the specific resistance of the mate- 
rial. The value of Rt< for any substance may be found in physical 
tables. The reciprocal of i?.s, that is, 

Rf 

is called the conductivity. The conductivity of known substances 
ranges from that of exceedingly good conductors (specific resistance 
2 X 10“^ ohms), down to conductors in which the passage of current 
can be observed only by the most careful measurements (specific 
resistance 4 X 10^^ ohms). Among the best conductors are the 
metals. These, headed by silver and copper, passing down through 
metals such as iron, bismuth, etc., and through the alloys, constitute 
a class by themselves, the nature of whose conductivity will be dis- 
cussed more in detail later. Between the metallic conductors and the 
other class of conductors there is a rather large gap. The second 
class of conductors begins with solutions and some fused salts, and 
goes down through various non-metallic solids to substances like stone, 
rubber, paraffine and sulfur. The solutions are fairly good conductors, 
while sulfur is perhaps the best non-conductor which is known to us. 
It might be stated that the difference between the two classes of con- 
ductors mentioned is that the metallic conductors act by transporting 
the current by means of the minute particles of negative electricity, 
the electrons. These are so small in size that they meet with com- 
paratively little resistance in moving through the space lattice occu- 
pied by the atoms. Consequently, there is comparatively little 
resistance to the flow of current. On the other hand, substances like 
solutions and fused salts conduct the electricity through the agency 
of charged atoms, or molecules, of the substances in them. Owing 
to the size of these atomic carriers, compared to electrons, the con- 
ductivity of the second type is lower than that of the electronic type. 



106 


ELECTRIC CURRENTS AND RESISTANCE 


30. RESISTANCE AND TEMPERATURE 

The specific resistance, Rsy while it is a constant characteristic 
of the particular metal, and while it is changed very greatly by the 
minutest traces of impurity, is also a function of temperature. In all 
metallic conductors, the resistance increases as the temperature 
increases. In general, the resistance Rt at any temperature T 
in degrees C is given by Rt = + aT). Here a is called the 

temperature coefficient of resistance. For most substances a is small, 
and the equation given holds through rather wide ranges. A more 
accurate expression for the resistance as a function of the tempera- 
ture is given by an empirical equation of the form 

Rr = Rs{\ + ar + hr-). 

With the very accurate devices for measuring potentials, or resist- 
ances, which exist today, it is possible to make exceedingly accurate 
measurements of the resistance of wires at various fixed points on 
the temperature scale. By plotting the curve through these points 
it is possible to have a very accurate temperature scale in terms of 
the resistance of the material, and the resistance thermometer today 
is the basis of most refined heat measurements over limited ranges. 
While, in general, the resistanqe decreases as the temperature decreases 
below the freezing point of water, the slope of the curve is such that 
the resistance appears to approach a finite value at the lowest tempera- 
tures. In certain substances, however, notably lead, the curve 
between resistance and temperature on the absolute scale takes a 
sudden very definite turn to much lower values, at very low tempera- 
tures. In the laboratory of Kammerlingh-Onnes, in Leyden, Hol- 
land, the conductivity of lead at the temperature of liquid helium 
(about 4° absolute) has been measured. At these temperatures the 
resistance of lead is very nearly 0 and an electric current generated 
by means of induction in a small leaden circuit continues to flow for 
periods as long as days before the frictional loss due to the resistance 
consumes the energy. This state of extreme conductivity at low 
temperatures is known as super-conductivity. The exact nature of 
this super-conductivity has not yet been determined. It is probable 
that at these low temperatures the atoms in the lead crystal arrange 
themselves in such a fashion that there are almost forcelejss tubes 
or channels through which the electron can flow, so that when once 
set in motion the electron continues its motion, losing no energy to 
set the atoms in vibration. The phenomenon, however, is limited 
to a very few of the elements only (Pb. 7.3^ Ta 4.5°, Hg 4.2°, Sn 3.7°, 
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In v3.4°, Ti 2.5°, Th 1.4°, Au-Bi alloys 2.15°; temperatures all in 
degrees absolute). 


31. COMBINATION OF RESISTANCES IN SERIES AND PARALLEL 

Having defined specific resistance we may now turn to the ques- 
tion of the laws of resistances in circuits. 

Case 1 . Law for resistances in series. — Recalling Ohm’s law, 
V — iRj and remembering that it applies to the parts of the circuit 
as well as to the whole circuit, we can write for the circuit pictured 
in Fig. 29 that 

V= V 1 +V 2 + V:u 

and hence 

m = IRi -f* iRz 4“ iRiit 

where Ri refers to Fi, R 2 to F 2 , and R^ to Fa. Therefore, we can 




Fig. 29. — Resistances in Series. 


Fig. 30. — Resistances in Parallel. 


write R = Ri Ro + Rw- The resistances above are said to be con- 
nected in series. 

Case 2. Law for resistances in parallel. — Consider the voltage F 
of the battery placed across the resistances R\, R 2 and Rij connected 
in parallel as shown in Fig. 30. The currents through i?i, Ro and i ?3 
are, respectively, i\, h and h. The potential across them is the same, 
namely, F. PTom Ohm’s law, we have 


Since 

therefore. 


F . Fi 


F2 


R Ri R 2 


i = ii + *2 + i-i. 



R Ri^ R 2 ^ R 3 ' 


But 


7 = Fi = F2 = F3, 
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whence 

i - i- i- Jl 

R~^ R2'^ 

The resistances here are said to he connected in parallel. 

As an example of the application of these laws one may take the 
simple case depicted in Fig. 31, namely, the combination of the 
resistances Ri, R 2 and R.i. It is required to find the total resistance 
R. From the laws of resistance above we can write: 

R = Ri + Roii (resistance of R[i and R 2 in combination). 

Since 

1 11 R:i + R 2 

R-a ~ Ri Ra ~ RjRa ' 
therefore, 



Fig. 31. — .Series-Parallel Combina- Fig. .32. — Fall of Potential 

tion of Resistaiu'cs. alonjj a Wire. 


Case v3. Fall of Potential along a Wire. — Another case to which 
this analysis may be applied is the case of the fall of potential along a 
wire. Given the wire represented in Fig. 32, whose total resistance 
is R^ and assume that there is a potential difference V across it. There 
is flowing in the circuit a current i. Let us call the positive end of 
the wire A and the negative end B. It is required to determine the 
fall of potential between A and some point C, and between C and B. 
Call Ri the resistance in the wire from A to C and R 2 the resistance 
in the wire from C to B. Call the potential difference sought from 
A to C, Viy and that from C to J3, Vo. Now, by Ohm’s law, V the 
total potential equals R times i. Since the same current flows in the 
parts A C and CB one has Fi = Rii, V 2 = Riir and V = Ri. 

Since 

i? = J?i + i?2, 


therefore, 


F = + F2. 
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From this we get at once 

that 



^'1 _ 

Fi 

iR] 

1 

V 

I'l + V 2 

~ iKi + iRo 

R 

In a similar fashion, 




Fo _ 

v> 

R-ii 

Rj 

V ~ 

i'. f-'r, ^ 

B\i -}- B^i 

R' 

Finally, 





Yi 

l 2 " R2i “ R 2 

This simply states that the fall of potential across AC or CB is 
to the potential across AB as the resistance of or CB is to the 
total resistance, and further that the fall of potential across -4C is 
to the fall of potential across CB as the resistance of AC is to the 
resistance of CB. Since it is possible accurately to compare resist- 
ances or to measure them, il is at once possible by properly choosing 
the resistances to obtain any fraction of a given fall of potential. This 
is the principle of the potential divider, or potentiometer. It is a prin- 
ciple underlying so many electrical measurements and comparisons 
that it is perhaps one of the most imi)ortant principles of current 
electricity. 


32. POTENTIAL AND ELECTROMOTIVE FORCES IN CIRCUITS 


The fact that Ohm’s law holds for the whole of the circuit, as well 
as for parts of the circuit, leads to a discussion of 
considerable importance in the treatment of 
generators of electricity. Consider a battery and 
let it be connected by wires to a galvanometer, 
as indicated in Fig. 33. 

It will later be seen that any generator, either 
battery or dynamo, will produce a certain maximum 
potential difference between its terminals. Thus 
depending on the chemical nature of the constit- 
uents a battery will produce a given electromotive 
force or maximum potential difference whose Value 
can be calculated from the knowledge of the 
energy involved in the chemical transformations taking place, as we 
shall see in a subsequent chapter. Again, a dynamo will also pro- 
duce a certain maximum potential difference between its terminals, 
which depends purely on the design of the dynamo and the speed 



Fig. 33. — External and 
Internal Resistance in 
a Circuit. 
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with which its armature is being rotated. This maximum potential is 
called the electromotive force and is represented by the symbols E.ALF, 
In both cases the E.M.F. obtained can be determined directly only 
by a static measurement or one involving no flow of current. The 
reason for this will become evident immediately. 

Every battery as well as every dynamo has a resistance within 
itself (i.e., resistance of the electrolyte or of the armature windings). 
This is called the internal resistance. If we take current from a bat- 
tery or from a dynamo, in order to maintain the potential difference 
at the terminals, the electricity which is being used must be supplied 
as rapidly as it is being drawn away. In order to accomplish this 
two conditions must be met. {a) The supply of the current to the 
external circuit must be kept constant, {b) The current through the 
generator to the terminal must be kept at the same value as in the 
external circuit. Thus a current must be forced through the internal 
p(jrtions of the generator to charge the plates at the same rate at 
wliich the plates are discharging to the external circuit. The current 
is being fed to the external circuit at a certain potential V which, by 
Ohm’s law, is eciual to the external circuit resistance Re times i the 
external current. If we call R, the internal resistance the current i 
flowing through it to supply the external current i requires that a 
fall of potential iRi exist across the interior of the generator. Hence, 
if the current i is to be maintained the total potential, or the electro- 
motive force (generally written E.M.h'.) E, developed by the genera- 
tor, must be ecjual to the sum of the iR^ drop inside the generator 
and the iRe drop in the external circuit. Hence we must write 

E = iR, + iRe == iRi + V. 

It is therefore seen that to maintain a potential V in an outside cir- 
cuit the generator supplying the current must produce an electromotive 
force E which is greater than V by the iR^ drop in its internal resistance. 
Only when i = o, so that iRx — o, can the potential V, maintained 
by a generator in the external circuit, be equal to the electromotive 
force. This means that even if we use a high resistance voltmeter 
with which to read the potential of a generator of some sort, the 
potential read will be the external potential drop through the coils 
of the voltmeter, and it will be less than the E.M.F. of the generator 
because the voltmeter draws a current even though it be a small one. 
It is seen that the difference between the electromotive force and the 
external potential maintained is merely the product of the current 
and the internal resistance or the internal drop of potential. If a 
method is capable of measuring potential with zero current the 
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method will give the E.M.F. of a generator. Such measurements 
may be made by means of static voltmeters, quadrant electrometers, 
or by means of the potentiometer. (See Chapter IX.) 

From all this it may be seen that essentially the term potential 
drop or potential difference applies in the case of current flow to the 
difference of potential which maintains a current i through a resist- 
ance R in any portion of a circuit. The electromotive force or E.M.F. is 
the total potential which is required to he generated by a source of current 
in grder to maintain the current flow. The E.M.F. is usually a func- 
tion of the chemical constitution of the cell or of the magnetic condi- 
tions and speed of a dynamo. The electromotive force can be used 
to calculate the current through an external circuit at a given external 
potential provided the internal resistance is known, or vice versa. 
While the E.M.F. can only be measured by 0 current methods directly 
it can be calculated, and Ri can often be measured directly. If neither 
R^ nor E is known we can, by using two values of Rc and observing 
the two values of V maintained across R,, obtain two equations of 
the form below which may be solved simultaneously for Ri and E. 
From the equations E = i{Rc + Rt) and V = i{Re) we can at once 


write that 


E 

V 


Rc + Ri 
~Re 


Accordingly, if by varying Rc two values 


of V (V and F' corresponding to Rr and R/) are obtained, we have 
the relations 


E 

V 


Rr 


, and 


F' 


R/ + R^ 

Ro' ' 


from which E and Ri can at once be found. 

That the phenomenon discussed above is an important one may 
be seen from the following example: Assume a battery having an 
internal resistance Ri = 2 ohms, and an external resistance Rr = 4 
ohms, and assume that the electromotive force E is 6 volts; then 

F 4 

the potential F across the 4 ohm resistance would be — = -. 

E 2 + 4 

Thus F = f E = 4 volts. It is thus seen that in working with small 
resistances we must be careful to distinguish between the electro- 
motive force of a cell and the potential difference given by it. An 
ordinary voltmeter has a resistance of the order of 1000 ohms. 
Consequently, if placed across 5 dry cells with perhaps a total internal 
resistance of 10 ohms, the potential read by the voltmeter is less 
than the electromotive force of the cell in the ratio of That is, 

it is 1 per cent in error. For very high resistances where Re is very 
much greater than Ru F can be said to approach E. 
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GENERALIZATION OF OHM’S LAW 

33. KIRCHHOFF»S FIRST LAW OF DIVIDED CIRCUITS 

While Ohm’s law is applicable to a great many of the simpler 
circuits, it is not sufficient for determining the currents in the case 
of complicated circuits. There are many problems, such as the prob- 
lem of the Wheatstone bridge when it is not in balance, in which the 
existing currents and potential drops cannot be found by the simple 
Ohm’s law. The reason is that Ohm’s law is a special case of a far 
more general set of relations from which enough equations may be 
obtained to solve the problem. The method of treatment which we 
are going to take up is that due to Kirchhoff and originated about 1842. 
It is indispensable in the practical study of any circuits, and electrical 
engineers cannot work conveniently unless they have a good command 
of the use of these laws. The laws themselves are simple enough. 
The method of applying them is, however, more difficult. In what 
follows the laws will first be stated and will be cipplied to a simple 
case, namely: the Wheatstone bridge. In a second instance, a numeri- 
cal problem will be worked out showing the 
actual method of approach to the study of 
any problem. 

The first of Kirchhoff’s laws says this: 
The sum of all currents flowing into any point 
in a circuit must be 0 if taken with due regard 
to sign. 

Regard, for example, the 5 wires radiat- 
ing from the point O which may be a 
binding post in any portion of a complex 

Idowata circuit. Fig. 34. There are flowing towards 
Point in a Complex Circuit. r ^ i- • ^ ^ j 

or from this point, 5 currents, represented 

respectively by the letters, fi, izy h, i\y and h. The arrows in the 

diagram indicate the direction in which the currents are assumed to 

flow. Now Kirchhoff’s law merely states that, since the currents 

which are flowing towards this jioint O can only flow along the wires 
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and since there is no accumulation of electricity at the point, which 
will be the case when a steady state exists, the sum of the currents 
flowing towards the point must equal the currents flowing away from 
that point. Of course, during the first instant when the currents start 
to flow, as the point 0 is being raised to its equilibrium potential, 
there will be an accumulation of electricity. This, however, is a 
transient phenomenon and we are dealing at present only with equi- 
librium conditions in a circuit. Kirchhoff’s laws for the particular 
circuit illustrated would then be expressed by the equation 

^i = + ^2 + h + + /r> = 0. 

The i's must he taken ^vith due regard to sign. 


34. KIRCHHOFF»S SECOND LAW OF DIVIDED CIRCUITS 



Kirchhoff’s second law is a more general statement of Ohm’s 
law. In this case we are concerned not with a point in a circuit but 
with what we shall term a mesh. 

A mesh is any continuous circuit 
which may be a portion of a much 
more complex system. Thus, in 
Fig. 35, we may term the triangles 
ABC, and BCD, and the quadri- 
lateral ABDC meshes. The essen- 
tial feature of the mesh is that there 
is a continuous circuit starting from 
a point and coming back to that 
point. This circuit may contain 
galvanometers, batteries, or cur- 
rent generators. The second law 
says that in such a mesh the sum of 
all the iR drops must equal the sum of all the electromotive forces taken 
with due regard to sign. .This simply says that if we start at some 
initial point in a mesh, if we take all the iR drops in that mesh in going 
around the movsh, they must equal the sum of the electromotive forces 
in the mesh, for the circuit only contains iR drops and sources of 
potential and if the sum of the iR drops and K.M.F.’s going around the 
mesh were not equal, we would come back to the initial point with 
a potential which is different from that with which we started, and a 
point cannot be at two different potentials at the same time. Sym- 
bolically, for the mesh AEBC calling the currents in the branches in 
the figure above, AB, BC, CA, Iabj iscy icAy and resistances RABy 
Rscy RcAy and calling E the E.M.F: at the cell and Ri its internal 


Fig. 35. — Illustration of Meshes in a 
Complex Circuit. 
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resistance, we have IabRab + tBcRBc + icARcA + IabRi = For 
the general case, Kirchhoff’s second law would be expressed by writing 
'LiR = ^E.M.F.* 

These two laws as we shall see give us a chance to write a number 
of equations. The first set of equations will be the equations for the 
equality of current flow towards and away from every junction point 
in the circuit. This series of equations expresses KirchhofT's first law. 
A second series of equations will be obtained by writing the second 
KirchhofT’s law for each of the possible imaginable meshes in the 
circuit. From the study of the number of meshes and points in any 
circuit it will be seen that one will have enough algebraic equations 
resulting from these two investigations to enable one to solve for all 
the unknown currents in the system. t An example of how one pro- 
ceeds we can obtain from a study of the Wheatstone bridge. This 

instrument is one which is 
almost universally used for 
comparing resistances. 

In the circuit outlined in 
Fig. 36, X is an unknown re- 
sistance whose value Rx i« to 
be compared with that of i?, 
or Rii, which is a standard 
adjustable resistance. The 
resistances P and Q, of value 
Rp and Rq^ are resistances 
whose values have been ad- 
justed by trial and error so 
that they are in the approxi- 
mate ratio of the resistances 
R and X, G is a galvanometer of resistance Ra and R is the battery 
sending a current through the system. Call in, ix, ip, tQ, io, and is, 

* If we include the internal resistances in the iR drops, the equation is that 
written = SE.M.F. For simplicity in w'orking problems we shall in subsequent 
treatment regard the P.D. at the cell terminals and the external iR drops only. 
Although if the E.M.F.’s and values are given the treatment is identical. The 
use of the E.M.F.’s and merely adds more resistance terms and increases the 
chance for numerical blunders. 

t It is unnecessary to write a set of equations for every possible mesh. If this 
be done a number of equations will be found to be merely the addition of two or more 
equations already given. By careful study enough independent equations can be 
chosen to enable one to solve for each one of the unknowns. This is not difficult to 
accomplish for it is only necessary to write enough of these equations to contain each 
iR or E.M.F. of the entire circuit at least once. The same holds true for each of the 
i’s of the first law. 



Fig. 30. — Application of Kirchhoff's Laws to 
Wheatstone’s Bridge. 
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the currents in the branches of the circuit having the resistances 
R, Xy Py Q and in the galvanometer G and through the battery- 
resistance Re^ 

Before applying the laws it is necessary to assume the direction 
of the flow of currents in this system. It is very possible that the 
a.ssumptions as to the direction of flow under a given set of conditions 
may he wrong. The error, however, on proper solution of the equa- 
tions, will be readily found out in that the current whose direction 
was wrongly assumed will come out negative. This is an automatic 
property of the equations and all that one needs in fixing the sign, 
that is the convention for the flow of the current, is that a definite 
system he chosen and that that he adhered to in all the calculations. If 
the current comes out negative, then in discussing the circuit after 
solution the correction must be used. The small arrows in the wires 
of the diagram indicate the ^irbitrary directions of flow assumed. It 
may be added that the direction of flow through the branches BDA 
and BCA are fixed by the single batlery in the circuit. The assump- 
tion lies only in the direction of the current flowing through Gy and 
an error in this avssumption can be found only when numerical values 
are substituted and the equations solved. With the choice of the flow 
of current one may at once write the equations of current flow for the 
4 points Ay By C and D from Kirchhoffs first law. 


At 


A Ie = in + ip 

B in ~ lx “b io 

C lx ~ i<i T In 

D //' ” T io 


Before writing the equations based on the second law it is essential 
that we pick the meshes and indicate the direction of the flow of current in 
the mesh. This is required in order that we know definitely the sign 
to assign to various terms in the equation. The meshes will be indi- 
cated by the circular arrows in the diagram, and the direction of cur- 
rent flow is taken as positive in the sense of the arrow. The mesh 
equations may now be written down. In the mesh 


EBCA 

P.D.£ = 

EBDA 

P.D.b = 

BCD 

0 = 

CDA 

0 = 


Rsis + Rxix + RidR 
RxiE + Rsiq + Rpip 
Rxix “f" Redo — Rqiq 
Redo + Rpip — RfdR 
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In the first two meshes the directions of the assumed currents also fol- 
low the circular arrows drawn indicating the sense of the positive flow of 
current. Consequently, the law can be written that the potential 
of the cell E is equal to the sum of the positive iR drops in the circuit. 
In the two triangular meshes, however, the arrow indicating the positive 
sense of current flow assumed, points in a contrary direction to the assumed 
current flow in the case of the wires BD and A C. Hence the sense of the 
iR drops corresponding to RqIq and RniR must be negative. The fact 
that there is no cell in these two meshes makes the sum of the iR drops 
equal to 0, as the P.D. in each mesh is 0 in the absence of a cell. With 
these eight equations it is easy to eliminate the six unknown variables 
and so solve for the value of any one of them. In fact all that is 
needed is a set of six independent simultaneous equations containing 
the six unknowns which will enable one to solve the equations. The 
remaining two equations deduced can serve as checks in the computa- 
tion. The solution of complicated simultaneous equations involving 
many variables can be most easily accomplished by means of deter- 
minants. For the use of determinants one is referred to any standard 
college algebra. Often determinants are not necessary in the .solution 
of problems and the equations can be solved by inspection. 


35. THE USE OF THE WHEATSTONE BRIDGE 


In the ordinary use of the Wheatstone bridge the variable resistance 
Rr is changed in value until the current through the galvanometer 
io is 0. In this case, the solution of the equations above is much sim- 
plified and one at once finds the law of the Wheatstone bridge as com- 
monly used. Set ia = 0, then the equations for meshes CBD and CD A 
become : 

Rxix — Rq^q 

and 


Rldp = RrIr. 


Dividing RqIq by Rrip, one has this relation: 

Rq^q _ Rxix 
Rpip RpiR 


Since ia is 0, the equations for the points C and D give us, ix = iuj 
and ip = fg. Hence 

Rq Rx 
Rp Rr 


Thus, when a balance is obtained on the bridge the resistance Rx of 
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the resistance coil A” is equal to the resistance Rr of the known coil R 
multiplied by the ratio of the resistances of the coils P and Q, 

36 . NOTE ON THE SOLUTION OF KIRCHHOFF’S LAW EQUATIONS 

The procedure outlined below is not urged on the student but 
experience has shown the writer that the care and precautions used 
below lead to a successful solution, while if they are omitted this is 
not the case. Students often balk at the trouble of drawing in current 
and potential fall arrows in simple circuits. The chance for numerical 
blunders in the solution of the equations is quite enough of a hazard 
without the danger and waste of time in solving erroneous equations. 
The plan outlined below if followed out with care is as nearly ‘‘ fool 
proof as any plan can be and if adhered to will save many hours. 

In general for a practical solution of the currents in a circuit by 
Kirchhoff’s laws of divided circuits we may proceed as follows: 

(1) Make a neat, clear diagram of the circuit to be analyzed desig- 
nating all the resistances, li.M.F.’s or P.D.’s by appropriate symbols 
that cannot be misread. The diagram should be large enough so that 
the operations to be carried out below can be clearly indicated. The 
diagram should have all junction points of wires clearly labeled. 

(2) Inspect the diagram and from the values of the F.M.F's or 
P.D’s and resistances make a consistent guess as to how the currents 
flow along the wires. Indicate your chosen sense of flow by arrows 
placed on the wireSj and check to see that no single wire has two oppo- 
sitely pointed arrows on a length between the two junction points of the 
circuit defining that wire. 

(3) Then assign a consistent fall of potential to each of the rneshes in 
the diagram so that there is not a single wire that hits not an indication 
of the sense of potential fall assumed. To do this start with the posi- 
tive pole of the highest F.M.F. or P.D. represented and proceed around 
the circuit. Where there are two E.M.F.’s or P.D.’s opposed the 
sense of fall of potential can be chosen starting from the positive pole 
of the highest E.M.F. or P.D. around the mesh. These potential falls 
in the meshes may be indicated by circular arrows, possibly in some 
other color than the lines in the drawing. The circular arrows may be 
drawn inside or outside of the mesh in question wherever most con- 
venient and where they do not overlap other arrows. 

(4) Next, taking the junction points of the wires in order, write 
down the equations of current flow for each one separately, in either 
one of the two following ways: All currents flowing toward the point 
can be set on the left hand side of an equal sign having on its right hand 
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side all currents flowing away from the point, or the equations may also 
be written with all currents flowing toward the junction point having a 
positive sign and all those flowing away from the point having a neg- 
ative sign, the sum of all these currents being equated to zero. This 
method is the one indicated by the equation '^i = 0. 

One should next check over the equations, and of those that are 
identical or are the result of the addition of two or more of the equa- 
tions already written, strike out such as to obtain a complete set of 
independent current equations. 

(5) Next proceed to write the equations for the various meshes. 
In writing the equations label the mesh chosen and write its equation 
putting on the left hand side all E.M.F.’s or P.D.’s and on the right 
hand side of the equality sign all the iR drops. In doing this be care- 
Jtd to watch signs. Wherever an E.M.F. or P.I). in the circuit is con- 
trary in sense to the circular arrow chosen to indicate the fall of potential 
place a negative sign in front of it. Wherever the current runs in a 
sense counter to the fall of potential indicated by the circular arrow the iR 
drop in the branch having this current should be preceded by a minus sign. 
It may be advantageous to inspect the circuit before writing the equa- 
tions and indicate by a distinguishing mark all places where contrary 
signs are found. 

After writing all mesh equations Inspect the equations and see 
that some of these are not simple combinations of other meshes. It 
is only necessary that each wire or E.M.F. be counted in one mesh to 
insure enough equations for a solution. 

(6) Having now the current and mesh equations complete count 
the total equations involved. There should be as many independent 
equations as there are unknown currents to be evaluated. The 
inclusion of additional equations which arc combinations of those 
present will only complicate the solution and lead, if carelessly used, 
to identities that are annoying. If the numerical values of the 
E.M.F.’s or P.D.’s and resistances have not been introduced and 
the equations have been set up symbolically only, then introduce 
the values of the resistances. The equations are now ready for solu- 
tion either by determinants or by simple algebraic manipulation. 

(7) If the equations are to be solved directly a great deal of time 
in aimless algebraic computation may be saved by a careful inspec- 
tion of the equations leading to an outline of the propovsed solution. 
Usually only one of the unknown currents is required. The objective 
is to solve for this one current. It is then necessary merely to regard 
the equations containing this particular unknown and plan a series 
of combinations of the equations so as to systematically eliminate 
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all other unknown currents, finally obtaining an equation containing 
but the one unknown. While with equations containing more than 
five unknowns this seems a formidable task, the difficulties are not 
great if headwork and care are used in planning the elimination. 

(8) When the equations are solved some of the currents may 
appear with a negative sign. This means that the direction of the cur- 
rent flow is opposite to that assumed. The equations can be checked 
by taking any one of the combination equations for some of the meshes 
and substituting the values obtained. 

A practical example of the application of KirchhoflFs laws may 
be made to the circuit shown in F'ig. 37. Let E\ and Eo be batteries 
producing potentials of 4 and 2 volts respectively, while the resist- 
ances R\j Riy and have the values 2, 2, and 4 ohms respectively. 
It is desired to know the currents i\, 
iyy and h in the branches of the circuit 
corresponding to the resistances R\, 

7?2, and R,i. To solve this problem we 
proceed as follows. Inspection of the 
circuit shows that Ei has the highest 
potential and the presumption is that 
the current from E\ will flow in the 
direction of the small arrows indi- 
cated. At the point A the current 
will divide, one part going into R.\ 
and the other part going into i? 2 . Were,, ,, 

L2 large and R2 small it is possible Laws, 

that the current from E 2 would flow 

through Ri in the opposite sense from that indicated. It is therefore 
not certain exactly how the current through i ?3 is going to flow. 
We simply make the arbitrary assumption that it flows from A to 
5, basing our judgment on the fact that E\ is greater than Ei. If it 
should turn out that the current flows in the opposite sense we will 
obtain a negative value for h in the result. Having made this 
assignment of current flow we can at once proceed to write the equa- 
tions for the currents at the junction points A and B. 

At A i\ — i'z + i'^ 

B iz + i:i = ii. 

With this simple circuit it happens that the two current equations 
at the symmetrical junction points A and B are the same. Hence 
only one of these equations is necessary since either one contains all 
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of the currents once. This is not usually the case in more compli- 
cated circuits. 

Again regard the meshes involved. We have the mesh contain- 
ing Ri, Ely and Rii. Since the current flows from Ei and in the direc- 
tion assumed in we can assume that the circled arrow represents 
the direction of positive current flow. In the mesh RSR2E2 the direc- 
tion of [X)sitive current flow may be assumed to be in the direction 
of the current arrow again. Finally, in the mesh R1E1R2E2 the sense 
of positive current flow is indicated by the encircling arrow. Having 
assumed a reference system of current flow we may write the .second 
set of equations. In the mesh EiRiR^y iiRi + i^R.i = E\. In the 
mesh E 2 R 2 R 31 ^ 2^2 — i'sRs = E 2 . In the mesh E 1 E 2 R 1 R 2 , iiRi + 
i^R^ = El + £ 2 * Again it is to be noted that only two of these 
equations are independent. It now remains to put in the numerical 
values for the resistances and solve the equations. 

In the E1R1R2 mesh substitution of the values gives 2ii + = 4. 

In the E 2 R 2 R 3 mesh substitution of the values gives Hz — 4^3 == 2. 
In the E1E2R1R2 mesh, 2ii + 24 = 6. 

Therefore 

4 =» 1 — 

Also 

^2 = 3 — 

From the fact that 4 + h = 4, we have 4=1 — ^4 +3 — 4, hence 

4 = f. 

Placing this in the equation for 4, we have 4 = i, and 4 = i- 

In this calculation we have made use of equations for mesh 
E\E 2 R\R 2 , and the F^RiRs mesh. The correctness of our calculation 
can be checked against the equation for the E2R2R3 mesh. This says 
that 

41^2 — 4 £:j = E2. 

Putting in the values for R and E the equation becomes 24 — 44 = 2. 
The values for 4 and 4 are | and respectively. Placing these in 
the equation we see that | = 2. Our calculation has therefore 
been checked. If the resistances were in ohms the currents are given 
in amperes. 
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37. MOVING COIL OR D’ARSONVAL GALVANOMETER 

Of all the electrical measuring instruments probably the most 
important, and the one whose theory applies to most of the current 
and potential measuring instruments now in use, is the moving coil 
or d’Arsonval galvanometer. In C'hapter V, it was shown that from 
Ampere’s rule we could define unit current in two ways. The second 
definition was that fnjdt current is that current which flowinti in unit 
length of conductor perpendicular to a uniform magnetic field of unit 
strenglh experiences a me- 


(I cos 0 
2 






chanical force of I dyne.'} 

This definition of unit 
current may be ex- 
pressed in the statement 
/ = ialll, where I is the 
length of conductor, II 
is the strength of the 
uniform field, ia is the 
current and / the me- 
chanical force in dynes. 

Assume we have a coil 
suspended in the uni- 
form magnetic field 
shown in the Fig. 38. 

The coil may be of 
rectangular cross section 
and be so placed that the wires are parallel to the pole pieces of the 
magnet causing the field. Assume that there are n turns of wire in 
the coil and that the length of the coil is I cm and its breadth is 
d cm. The force for the n wires which run up one side of the coil 
when a current of ia absolute units runs in the coil is given by 


Fig. v^8. — Srhcmatic I^iagram of the Moving Coil 
Galvanoirieter. 


/ = nialll- 
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A similar force will be experienced by the other n vertical wires. The 

force moment due to the n wires is Gi = cos ^ if the plane of 

the coil has been rotated through an angle d with the magnetic field. 
This is obvious since the lever arm of the wire when the coil lies 
d 

parallel to the field is and if it is displaced through an angle By the 


lever arm of the force acting will be the projection of ~ on the direction 

of the field. Since there are two wires, the total force moment 
will be twice that given above, namely: 2Gi = G = niJUd cos 6 
= AiJI cos 6. The quantity A = nld is a constant of the coil, and 
is merely the total area enclosed by the n turns. The wires of length 
d in the coil are parallel to the field and therefore have no force exerted 
on them as regards G. If the coil had been of any other shape, the 
result would have been the same, as any area A can be broken up 
into rectangular elements of height dl and length d which now varies 
along the coil. The force on each element will again depend on 

ndldy and the total force will depend on j' nddl = the area of the coil. 

Now the coil is suspended by a wire and the force moment on the 
coil due to the field acts to turn the coil at right angles to the field 
against the elastic forces of the suspension. For ci deflection 0 of the 
galvanometer, G is equal to ToO^ (See Chapter IV.) Thus T^B 
= Aifill cos B. If small deflections arc measured then cos B approaches 
unity, so that for deflections less than 10° we can use the approxi- 
mate equation. 

ToB 
A If 


The use of small deflections is simplified by the fact that a mirror 
hung on the coil will give an appreciable deflection of a spot of light 
for a small angular deflection, if the distance of the source of light 
and the spot from the mirror is sufficiently great. 


38. THE GALVANOMETER CONSTANT 

The equation for the current just deduced is the equation under- 

T() 

lying all moving coil galvanometers. The ratio — - is a constant of 

/xll 

the apparatus as long as (1) the area of the coil remains constant, 
(2) the magnetic field due to the permanent magnets remains con- 
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stant, and (3) the constant To of the suspension is not changed. 
It is therefore called the galvanometer constant K\ and we can write 
where d is in radians. The response of a galvanometer 
to a current is determined by having a large 6 for a small ia, that is, 
in having a large deflection for a small current. Thus, if d is large 
when ia is small, K' is a small fraction, so that for large response to a 


weak current ia/0 = 


All 



and the constant factor is small. 


It is obvious that the K' will be smaller the greater Ay the greater //, 
and the smaller 7 o. 

If one make To too small relative to the inertia of the moving coil, 
the period of the galvanometer becomes very long and it is difficult 
to work with. Increasing A beyond certain limits also increases the 
period, and too strong a field is difficult to maintain constant. Hence 
there are limitations to the sensitivity which may be obtained. It is 
generally best to use many turns of fine wire on a coil which has a 
great I and a small d. Therefore the moment of inertia is decreased 
and a finer suspension may be used. The constant K' is rated in 
terms of the current ia which is nec'essary to give one radiiin of deflec- 
tion of the mirror. That is, the giilvanometer constant 



J -ZlL 
nw ” AIT 


where i is the current in amperes required to give B radians deflection. 

It is usually simpler to speak of what is known as the figure of 
merit of the galvanometer. (^This is the current in amperes nece.SvSary 
to cause a deflection of 1 mm on a .scale distant 1 meter. This figure 
of merit k is related to the galvanometer constant K from geometrical 
considerations by the expression 

2000 

This follows since the spot of light is deflected through B when the 
mirror turns through B/2 radians, and since a deflection of 1 mm at 
1000 mm distance gives tan B/2 which approaches B = ^roW* There- 
fore the current to camse a deflection of 1 mm on a scale at I m is 
the current to cause a deflection of the mirror through 1 radian. 
Whence one has at once that the figure of merit 

2 im\s/ 2<I00' 


The term sensitivity is also often used. It is expressed by a unit 
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called the megohm.* The megohm is merely the resistance in millions 
of ohms which placed in series with the galvanometer will, when 
1 volt potential difference is placed across the resistance of the gal- 
vanometer, cause a deflection in the galvanometer of 1 millimeter at 
a meter’s distance. The word megohm refers to resistances of 10® 
or millions of ohms as the unit. This unit is the reciprocal of ky 
divided by a million. The sensitivity in megohms is therefore equal to 

1 2000 , . 1 

= ./]()♦. 

/?io‘* K 500 a: 

Thus if K = 0.000004 when the current i is in amperes, the figure 
of merit k = 0.000000002. 

Hence, - = 0.5 X 10*^ = 500 X 10®, so that the sensitivity there- 
k 

fore is 500 megohms. 

39. TYPES OF GALVANOMETERS, AMMETERS AND VOLTMETERS 

For most current measuring work today the galvanometers used 
are of the moving coil type. Such galvanometers have been developed 
to a high degree of sensitivity and precision, and currents of the order 
of magnitude of amperes may be measured with them. For 

still weaker currents the galvanometers used are generally of the 
suspended needle type. In these the coil carrying the current gen- 
erates the magnetic field and consists of many thousands of turns of 
fine wire. The magnets are as a rule small magnetized strips of 
steel. For the most sensitive ones these galvanometer imignets are 
arranged in pairs of two, the north pole of one magnet of the pair 
being opposite to the south pole of the other. These give very weak 
magnetic fields which are not subject to the action ot the earth’s field 
to any extent. Such galvanometers are known as astatic. They 
have been developed to a high degree of sensitivity for use with deli- 
cate thermocouples to measure the intensity of the heat radiation 
from the stars. They are also used in measuring the intensity of light 
in the various spectral lines. Such galvanometers must be protected 
from the earth’s magnetic field, and this is accomplished by placing 
a series of soft iron shields around them. In one Used by Professor 
Millikan, which has been designed by Dr. Coblentz at the Bureau of 
vStandards, seven such shields of soft iron were required to cut out 

* Other ways of expressing sensitivity are also used, but omitted for the sake of 
clarity. (See Laws, Electrical Measurements.) 
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the earth's field. The limit of sensitivity in galvanometric measure- 
ments is about 10 ”^2 amperes. 

The galvanometer, as can be seen above, is used for measuring 
currents, and the deflection given is proportional to the current. 
Since, however, the current through the galvanometer is propor- 
tional to the voltage across the galvanometer it is possible to cali- 
brate it to read voltage. In order that a galvanometer should read 
voltage all that is needed is that the current carried by the galvanometer 
should he so small compared to the current carried by the portion of the 
circuit across which the potential difference is to be measured that con- 
necting the galvanometer shall not materially change the value of the 
current in the rest of the circuit, and thus alter the potential. 

Consider a wire of resistance R, through which a current i flows. 
It is desired to know the potential difference existing across this 
wire. If a galvanometer of resistance which is very large com- 
pared to R, be placed across R, the current through the galvanometer 
will be so small as to leave the potential drop across R unchanged. 
The current through the galvanometer then will be practically pro- 
portional to the potential which existed across R before the gal- 
vanometer was connected in. If the 
deflection of the galvanometer in terms 
of the potential causing that deflec- 
tion can be determined by cali- 
bration the galvanometer will read 
voltage. 

Thus a galvanometer may be used 
in two ways. If it has a low resistance 
so that its series resistance does not 
materially increase the resistance of 
the circuit into which it is introduced, 
it will read the current in the circuit, 
that is, it acts as a galvanometer or an 
ammeter. If it has a very high resist- 
ance compared to the resistance of a 
portion of the circuit across which it is 
introduced, it will then read the poten- 
tial difference of that part of the circuit across which it is connected. 

For commercial purposes for measuring potential and current the 
galvanometers are modified in the following fashion. The coil is 
mounted on a vertical axis on jeweled bearings. The suspension is 
replaced by a small spiral spring. The coil has the same shape as 
before but the pole pieces are very ingeniously arranged as shown 



Fig. 3'>. — SchtMiiatir Diagram of a 
Direct Current Voltmeter or Am- 
meter. 
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in Fig. 39, so that they give a uniform field perpendicular to the coil 
through a range of deflection of nearly 90°. The form of the pole 
pieces to accomplish this is very simple and is shown in cross section 
in the diagram. The poles of the large permanent magnet are labeled 
N and 5. They have a cylindrical hole drilled perpendicular to the 
plane of the paper. In the center of this hole is a soft iron lug I con- 
centric with the axis of the cylinder. The small rectangles labeled 
C and C constitute cross sections of the vertical portions of the coil. 
The arrow F is a i)()inter which moves over a uniformly divided scale 
reading volts or amperes directly. It is obvious that the soft iron lug 
causes a radial field to pass through it over a limited range of angles. 
Thus, as the coil rotates about its axis it stays in a nearly uniform 
field, so that the deflection is proportional to the current, for the 
restoring force of the spring is greater the greater the deflection. 
The instruments described above arc called respectively ammeters 
or voltmeters, depending on their resistance, which determines their 
use as above stated. 

It must be pointed out that such instruments, while they register 
current and voltage, cannot be used as absolute measures of current 
and voltage. Kvery voltmeter or ammeter i)ut on the market must 
be calibrated in terms of the standard of current or potential. 

In the electromagnetic system of units the standard of potentials 
was defined in terms of the heating effect of the current; that is, 
fixed points on the scale of the voltmeter can l)e determined by 
observing the heating effect produced in a wire across terminals of 
which the voltmeter is connected. Again the ammeter must be 
calibrated to read amperes and the calibration will be effected by 
means of a standard based ultimately on the measurements of the 
tangent galvanometer. As will be remembered, this again depends 
for its absolute value on the magnetometric measurements of the 
earth's field. 

It is to be noted that for galvanometers and voltmeters a given 
calibration holds good only as long as no change in the instrument 
has taken place. Although the field magnets on most galvanometers 
are so arranged as to maintain their magnetism for long periods of 
time the magnetism of such galvanometers must obviously change, 
in general decreasing in the course of years. No ammeter or volt- 
meter should be used without having checked its scale against a 
standard within a year. 

It is possible to arrange voltmeters or ammeters in which the cur- 
rent flows not only through the armature coil but also around coils 
which are wound on the soft iron which gives the field, as shown in 
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Fig. 40. In this case, both //, the field, and the torque, (7, are caused 
by the same current. The deflection 6 is therefore proportional to 
Such instruments have the advantage that they are independent of a 
variation in the magnetic field. They have, however, a scale in which 
the deflection varies as the square of the current. wSince the currents in 
the field coils and the armature or suspended coil are always in the 
same direction relative to each other the torque will always be in the 
same direction even if the cur- 
rent through the line changes 
in sense. Inasmuch as indus- 
trial development has led to 
the univ^ersal u.sc of alternating 
currents which vary in direction 
with time, preictical needs have 
demanded the widespread use 
of this type of ammeter and 
\'oltmcter. The interpretation 
of the meaning of the reading 
of such instruments must be re- 
served for Chapter XX I \', 
where alternating currents are 
discussed. Beside the use of 
such instruments for alternating 
currents, the necessity of non-varying standards makes thevsc instru- 
ments of value, for the other type of instrument has permanent 
magnets whose strength may vary with time. 



I'Ki. 40. — Altfrnatiii^ ( iiircMit Ammeter or 
Voltmeter. 




40. SHUNTS FOR AMMETERS, SERIES RESISTANCES FOR VOLTMETERS 

The non-uniform scale divisions in ammeters and voltmeters 
which are used for standards, and which are 
based on the principle discussed at the end of the 
last section, where the field is excited by the cur- 
rent which flows through the armature, limit the 
range for accurate measurement on any given 
instrument. Such instruments are often used as 
standards, and to increase the range of instru- 
ments of this type we make use of a device known 
as the shunt, in the case of ammeters. In the 
case of voltmeters, a device equivalent to the 
shunt is used. It is worth while briefly to discuss the shunt, the 
theory of which follows directly from Ohm’s law. Assume an amme- 
ter, represented by A in Fig. 41, which has a resistance Ra* Now 


— ^wvww^^w^ 

F'ig. 41. — Diagram of 
an Ammeter Shunt. 
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place a resistance in parallel with it. Then, as the potential dif- 
ference is V, the current Ia flowing through the ammeter, is given by 


tA 


_K 

Ra’ 


and the current i, through the shunt is given by 

V 

. V .. . 

rinally, for tlir two combined, - = i, where i is the current through 

R 

both ammeter and resistance, and R is the resistance of the coml)ina- 
tion of Ra and Rs. From the law of resistances in parallel, 

1 _ 1 _ 1 
R~ Ra^ R,' 

RaR< 

ki + k' 

V 

RaR. - 
Ra -I- k 

i Ra / RaR^’ 

/ Ra + Ra 

£a _ 

i Ra "F Rs 

This states that the current through the ammeter is to the total 
current through the circuit as the resistance of the shunt is to the 
sum of the resistances of ammeter and shunt. Thus, if one reads 
the current given by the ammeter and multiplies it by the ratio of 
the sum of the resistances of ammeter and shunt to the resistance of the 
shunt, one has i the current flowing through the whole circuit. If then 
one has an ammeter which reads over a range of 1 ampere and one 
wishes to make it read over a range X times as great, all one need do is to 
make a shunt of resistance such that the resistance Ra of the ammeter 


'riicreforc, 


Hciicc, 


Thus 


or 
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plus the resistance Rs of the shunt is equal to X times the resistance 
R 4 of the shunt. Under these circumstances the ratio 

Ra + R, „ 

R. ~ 
i = XIa. 




This means merely that if one reads the current, through the ammeter 
as giv^en by it, and multiply this reading by 
the factor A", one at once has the current / 
flowing through the circuit. 

To increa.se the range of a voltmeter 
we make use of a principle which follows 
simply from Ohm's law. Assume a volt* 


I vVW^WWr 




I'k;. 42. — Scries Resistance in 
meter with an internal resistance Ry, and \<)lt meter ( ircmi to hMeml 
place in series with it a resistance Ra, as its Range, 

shown in Fig. 42. ("all R the combined resistaiK'e of Ry and Ra\ that is 


R = Ry + Ra. 


The current i, through the circuit, if a potential V is applied across the 
two resistances in series, is given by 

. _ r ^ V 
^ ~ R~ K.^ Rv 


The potential difference Vy across voltmeter gives a current i which is 
the same as the current flowing through the system as a whol(\ Thus 

Fr . 


From the above ec[iiation one has 

Vy^ . r_ 

Ry R. + Rv 


V R, + Ry 

This says that the potential difference across the voltmeter, which 
is the potential difference registered by it, is to the total potential dif- 
ference across the voltmeter and the resistance Ra, which we denoted 
by F, as the resistance of the voltmeter is to the sum of the resistances 
Ra and Ry If we wish to use a voltmeter which reads up to 150 volts 
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to read ISO {X) volts, all we need do is to make the sum of the resist- 
ances Rt and Rv equal to times the resistance Rv Then 

Rr I 


II' i 

V X' 
or 

- X- TV. 

This states that if we Jiave a potential across the voltmeter of a given 
amount, the potential across the combined V7)ltmeter and the resistance 
Ri, is A' times as great. I'or example, if we wish to read a voltage of 
1500 volts on the voltmeter above, we place in series with the volt- 
meter a known resistance whose ratio to the resistance of the voltmeter 
is given by 

Rv ^ I 
R. + Rv 10* 

Then if the voltmeter reads 90 volts the potential will be 900 volts. 


41. THE WATTMETER 

The principle which underlies the voltmeter and the ammeter may 
be made use of to measure power directly. In CTiapter VI we defined 
the practical unit of power, the watt, as being obtained by multiplying 
the amperes flowing through the circuit by the potential difference in 
volts which is maintained across the circuit. As was stated before, a 
moving coil galvanometer with a high resistance acts like a voltmeter. 
If the magnetic field H of the galvanometer be produced by a coil of 
wire through which the main current in the circuit is flowing, the field II 
will then be proportional to the current /. The force on the moving 
coil will be the product of the field //and the current flowing through 
the high resistance coil. But this current measures the potential, F, 
across the coil, and II depends on f, the current through the low 
resistance system. Thus the torque produced will be proportional to 
the prcxluct of the current and the potential across the circuit, iV\ 
that is, the deflection will be proportional to the power in- the circuit. 
Such an instrument is known as the wattmeter. 

A schematic diagram of the instrument and its relation to the cir- 
cuit is shown in Fig. 43. In the diagram the magnetic bars of soft 
iron N and S are magnetized by the coils F. The current which flows 
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through these is the main current flowing through the line. M is a 
motor whose power consumption is being measured. It is connected 
so that as will be seen M is in series with the coils. The small armature 
coil A of the wattmeter has a very high resistance. The current 
through it therefore does not affect the current tlirough the motor or the 
rest of the line materially. 

Its terminals connect it to 
the two terminals of the 
motor. The current through 
it is therefore proportional 
to the potential across the 
motor. The deflection of 
A depends on the product 
of the potential across A 
and the current i through 
the coils F producing the 
fields. The instrument 
reads watts only if it is arbitrarily calibrated by comparison witli 
standard instruments. Where the currents vary periodically with 
time, and the potential difference and current in the motor are not in 
phase with each other (see Chapter XXV), the wattmeter described 
above gives the only means of measuring the true power consumption, 
for it automatically gives a deflection proportional to the average of 
the product of current and potential in the phase relations existing in 
the circuit. 



Fig. 43. — Schematic Diagram of a Wattmeter. 




CHAPTER X 


MEASUREMENT OF CURRENT, POTENTIAL DIFFERENCE, 

AND RESISTANCE 

42. MEASUREMENT OF CURRENT 

In the previous chapter, the measurements of currents and potential 
differences by means of the magnetic effect of a current were given. 
In that chapter the fundamental principle of such a measuring instru- 
ment as the moving coil galvanometer was discussed. It is now neces- 
sary to discuss other means of measuring currents and potentials. 
Currents may be measured by the following devices: 

(1) 'Eingent galvanometer. 

(2) Any calibrated galvanometer of the moving coil or magnet 

type. 

(v?) The hot wire ammeter. 

(4) The potentiometer, in combination with a standard resist- 

ance. 

(5) By static methods for small currents. 

(6) l^y electro-deposition of meUils applying Faraday’s laws of 

electrolysis. 

(1) The measurement of current by the tangent galvanometer has 
been discussed in Chapter \\ In this method, the tangent galvanom- 
eter, the constant of which is known, is placed with the pkine of its 
coil parallel to the earth’s magnetic field. The current is passed 
through the coil, and the angle of deflection of the needle is noted. 
The formula there given 

. lOr// 

t = tan B, 

lirn 

will give the current i in amperes from the observed angle B and the 
constants r, II and n. The instrument is not particularly accurate 
inasmuch as the field II cannot be accurately determined. It is also 
awkward to use on account of the continual variation of the earth’s 
field. It is, however, the standard of comparison for all measuring 
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instruments which give ia on the basis of the absolute electromagnetic 
system. Today however currents are more accurately defined by 
means of the current balance. This measures the force in grams be- 
tween two coils having the same current through them, the form of t!ie 
coils being such that the force may be computed in terms of the elec- 
tromagnetic definition of current in the absolute system. 

(2) The measurement of currents by galvanometers has been dis- 
cussed adequately in Chapter IX. 

(3) Hot wire ammeters arc ammeters which depend on the heating 
effect produced by the current. The heating produced by the current 
is proportional to the square of the current. In some cheap instru- 
ments the heating produced by the current merely changes the tension 
of the wire through which it flows, which acts as a spring activating a 
needle by an appropriate lever system. Another form of the hot wire 
ammeter which is used frequently in radio instruments is one in which 
the heating of the wire by the current warms up a thermal junction 
fastened to the wire. This thermal junction then gives an E.M.f'. 
which can be amplified and detected by an appropriate device. Instru- 
ments of this type arc mainly used for measuring high-frequency alter- 
nating currents, where iron cannot be used and the currents arc so 
small that the mechanical forces obtained are difficult to ob.serve. 

(4) The potentiometer may be used for measuring the small cur- 
rents across an accurately known resistance, inasmuch as the poten- 
tiometer gives the potential across the resistance, and division of the 
potential by the resistance at once gives the current flow. In this case 
measurement is effected accurately without altering the current, as the 
potentiometer embodies a no-flow method. 

(5) When we study static electricity, we sluill learn that the quan- 
tity of electricity on a system can be defined by the product of the 
capacity of the system and the potential to which it is raised. By 
measuring the change of potential of a system of known capacity in a 
given time the gain or loss of quantity per unit time can be easily deter- 
mined. By this means currents iis small as 10”^^ amperes have been 
measured using the Hoffman electrometer. 

(6) When a current flows through a solution of some electrolyte 
there is a liberation either of metallic ions or of gases at the electrodes. 
Faraday’s laws of electrolysis definitely specify the weight of material 
so liberated as related to the quantity of electricity which has passed 
and certain chemical characteristics of the substances liberated. If 
the weight of substance liberated in a given time is known by means 
of these laws, which will be elaborated in Chapter XI, the current can 
be easily calculated. The legal unit of current is based on the deter- 
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mination of the rate of deposition of silver under controlled conditions 
utilizing this principle. 


43. POTENTIAL MEASUREMENT 

IC.M.F"., or better potential difference, is measured !)y the following 
instruments: 

(1) The voltmeter or high-resistance calibrated galvaiKjmcter. 

(2) By the potentiometer. 

(3) By the electrostatic voltmeter. 

(4) By heating produced for a known current. 


(1) The measurement of potential by the lirst method has already 
been discussed in ('hapter IX. 

(2) The theory of the potentiometer which was developed in 
('hapter VII enables one to determine the potential by comparison 
with a known potential. 

For comparing electromotive forces we make use of the potentiom- 
eter shown in I'ig. 44. At the point V in the circuit any battery of 



StJiDil.'inl iM'Ii Vs 
or uiikiion II Vx 


I' k;. 44. — Uoniparisoii of E.M.F.s 
l)y Use of tlu' rotciitionietcr. 


constant potential larger than the bat- 
teries whose potential it is required to 
compare is used. G is a galvanometer in- 
serted in series with one of the batteries to 
be compared. These batteries are labeled 
F, for a standard cell or Vx unknown. 
The arrow indicates a variable resistance 
contact which divides the resistance 
R\R 2 into two parts, the ratios of the 
resistances Ri and Rz of which can be 
accurately determined. The law of fall 
of potential down a resistance wire states 


that if the potential due to the two cells at P is the same, the potential 
difference of the standard must be to the potential V as Rz the resist- 


ance across the standard is to i?i + Rz. If G shows no deflection, the 
condition of equal potential is fulfilled. If the ratio of the resistances is 


not properly adjusted the current will flow through the galvanometer G 
in one .sense or the other. By careful adjustment of resistance until 


no current can be detected an accurate measurement of the potential 
in terms of the standard cell and the resistances can be obtained. 


r , _ >^2 

V R\ “b R'l 
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In practice the standard cell is placed in position and the resistance 
ratio of Ri to R 2 is changed until no current flows through the gal- 
vanometer. The standard cell is then removed and the unknown 
cell Vx is put in its place. Adjustment is again made until the balance 
is obtained wdth no current in the galvanometer. In this case, the 
ratio of the resistances will be different and will be represented by 
resistance R.i and 7?4, where R.i replaces the value of and Ri rephu'es 
the value of Rz obtained with the standard cell. If the potential dif- 
ference produced by the unknown cell be designated by Vx I lien when 
no current flows in the galvanometer 


n ^ Ri_ 
V “ Ra d- Ri 

If r was constant, the ratio of 

Vx 

Vs 


is given by 


Vx ^ Ri(^+_R2) 
Vs RARa + Ri) 


Ry 


for Ri + Rz 


Ra + 7?.,. 


Since the method does not involve the flow of current through 
Vx or Va the potential difference read is really the electromotive forces 
and not the variable potential difference which a cell gives iiiuler any 
conditions. Since this method enables one to compare the electro- 
motive force of a standard cell against an unknown potential, the poten- 
tial can be determined in terms of standard electromotive force. 
With the modern accurate potentiometers such comparisons can be 
made with a very high degree of precision (i.e., to one part in a 
million). 

(3) For the measurement of very high potential differences and 
very low potential differences, we make use of a phenomenon whicli 
does not fall in the scope of this part of the course. If a potential 
difference exists between two points, a charged body experiences a 
force which is the result of the electrostatic field produced. It will 
be shown in Chapter XVI that this force is proportional to the poten- 
tial difference under certain conditions. As a matter of fact, by the 
determination of the absolute potential difference in the electrostatic 
system, by this means, knowing the relation of the electromagnetic 
unit of potential and the volt to the electrostatic unit, enables us to 
have a very accurate determination of potential from the forces 
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observed. The instrument used for this purpose is what is called the 
attracted divsc, or absolute electrometer. By this device and other 
static devices based on the principles discussed, potentials ranging 
from tens of thousands of volts down to thousandths of volts can be 
accurately measured and compared. It might be added that the use 
of electrostatic measurements for potentials that are very small 
together with a knowledge of capacities in the electrostatic system 
enables us to extend our range of measurements to very feeble electrical 
currents, that is, to currents of the order of magnitude to 10“^^ 
amperes. The discussion of these methods, however, involves a 
knowledge of static electricity and must be deferred until later. 

(4) The measurement of potential by the heating effect developed 
in a resistance wire in a calorimeter is the absolute electromagnetic 
method. It has too many sources of error to be very accurate, and is 
rarely used, in everyday practice, for calorimetry is exceedingly 
tedious and not very accurate. 


44. MEASUREMENT OF RESISTANCE 

The measurement of resistance may be achieved as follows: Since 
it is a derived quantity most of these methods make use of the relation 
between the current and the voltage across the conductor whose 
resistance is to be determined. The methods may be listed as follows: 

(1) By ammeter and voltmeter. 

(2) With a galvanometer and resistance box using the substitu- 

tion method. 

(3) With ammeter and calorimeter by application of Joule’s 

law of heating. 

(4) By Wheatstone’s bridge, or modifications like the Kelvin bridge 

for very low resistances. 

(5) By potentiometer. 

(6) \"ery high resistance can be measured by means of the rate of 

discharge of a condenser of high capacity using a ballistic 

galvanometer as outlined in Chapter XXI 1 1. 

(1) In the measurement with the ammeter and the voltmeter 
one has the ammeter in series with the unknown resistance, and the 
voltmeter across the ends of the resistance. If the voltmeter has a 
high enough resistance the current registered by the ammeter flows 
almost exclusively through the unknown resistance. A division of 
the voltmeter reading by the ammeter reading should give the resist- 



MEASUREMENT OF RESISTANCE 


137 


ance. Caution must be used, however, in this method in order to be sure 
that the voltmeter has a sufficiently high resistance so that it does not 
carry an appreciable part of the current registered by the ammeter. 

(2) The second method merely places the unknown resistance 
and a variable resistance box in series with a galvanometer. When 
the unknown resistance is in the circuit and the potential is applied, 
a current will flow through the galvanometer. The adjustment of 
the galvanometer to read a convenient current by applying a satis- 
factory potential and suitable galvanometer shunt to the system 
gi\'cs a basis of measurement. If now a known resistance whose 
magnitude is approximately the same as that of the unknown resist- 
ance be placed in the circuit in place of the unknown resistance, the 
galvanometer will show a different current. The variable resistance 
must then be v^aried until tlie deflection of the galv^anoineter is the 
same as with the unknown resistance. The change in reading of the 
resistance box when balance is obtained added to or subtracted from 
the known resistance u.sed gives the resistance of the unknown con- 
ductor. In general, this method is little used as it is less accurate 
than the direct comparison methods. The reason for this lies in tlie 
range of sensitivity of the galvanometers used. 

(3) The application of the calorimeter method, which has been 
discussed under the dcriv'ation of the notion of potential different'e 
in Chapter VI, serves its an adequate means of measuring resistance. 
For measurement, however, the current must be known (juitc accu- 
rately, for the heating varies as the square of the current while it 
varies only as the first power of the resistance, 
resorted to except in particular determinations 
where other resistance measurements arc not 
easily accessible. 

(4) The most common method of resist- 

ance measurements makes use of the Wheat- 
stone bridge. In Chapter VIII, the equation 
for this method of comparing resistances was 
derived. In this bridge, the unknown resist- Fio. 45.— C omparison of 
ance is compared with a known variable by Wheat - 

resistance by adjusting a pair of known ratio Ilnclge. 

resistances and the variable resistance so that the current through 
the galvanometer connected in the bridge is 0. In Fig. 45, P and Q 
are resistances which can be set in definite ratios. X is the unknown 
resistance and R a standard variable resistance. After having ap- 
proximately adjusted the resistances P and Q in such a ratio as to 
give the approximate ratio between R and X, R is varied by small 


The method is rarely 
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steps until the galvanometer G gives no deflection. X is then 
given by 



By making the resistance ratios very accurate and using a sensitive 
galvanometer resistances can be compared this way to one part in 
ten thousand without any trouble. 

(5) The use of the potentiometer in measuring resistances depends 
on a knowledge of the current and a measurement of the potential 
across the resistance. It is superior to the use of the ammeter and 
voltmeter method in that in this case the potentiometer replaces the 
voltmeter and one is sure that there is no current flowing through the 
branch circuit of the potentiometer. Thus, the potential is accu- 
rately the potential across the resistance and the current read by the 
ammeter is accurately the current flowing through the given resistance. 


45. POWER MEASUREMENT 

Power is measured by two methods: (1) by use of the voltmeter 
and ammeter; (2) by the wattmeter. 

(1) Since the power consumed in watts is the current in amperes 
multiplied by the potential in volts, the power consumption in a motor 
can be obtained by multiplying a reading of the voltmeter and a 
reading of the ammeter. These measurements are applicable strictly 
only to direct current measurements. In the case of alternating cur- 
rents the voltage and the current may not be in pha.se, in which case 
the voltmeter-ammeter readings will give a much higher power read- 
ing than the true power consumption in watts. (2) A simultaneous 
voltmeter-ammeter reading is given by the so-called wattmeter, 
where the power consumption is given by the current and potential 
in their proper phase relations. This was adequately discussed in 
Chapter IX. 

46. IMPORTANCE OF CALIBRATION 

It may be pointed out that in all these measuring devices except 
for those methods which have been specifically designated as giving 
the absolute values of the currents, the instruments used require 
special calibration in terms of the absolute standards. Thus, every 
voltmeter, ammeter, wattmeter, resistance box, and galvanometer 
has either been calibrated in terms of absolute standards or requires 
calibration before it can be used. For accurate work, these calibra- 
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tions should be of recent date. If not, they must be checked up before 
proceeding. The recalibration may be performed at nominal expense 
either in the testing laboratory by the maker of the invStrument in 
question, or at the National Bureau of Standards in Washington. 

47. LEGAL STANDARDS 

Before finishing the chapter, it may be well to add a few words 
concerning the so-called legal standards of current, potential, and 
resistance by which tlie measuring instruments of all laboratories 
may be tested. For such standards, convenience, accuracy, and ready 
reproducibility are paramount. These standards Iiave been devised 
by international commissions of engineering and scientific experts, 
and while being the legal standards de|)end for their alxsolute v^alue 
on measurements made with the methods outlined earlier in the text. 

The legal standard of current is based on the rate of deposition 
of silver from a solution in a carefully defined state and in apparatus 
of standardized design. The legal ampere is the current which deposits 
0.001118 gram of silver per second. 

The legal standard of potential is based on the use of specially 
made cells from a class of cells which we will later study. The elec- 
tromotive force of a given cell should depend entirely on the chemical 
con.stituents, the concentration of the substances involved in making 
up the cells, and the temperature. Consequently, if a cell be made 
under very carefully specified conditions the R.M.F. which it gives 
is a good standard of comparison and should be accurate to approxi- 
mately 1 part in 10,000 at a constant temperature. With such a 
cell the potentiometer enables us to compare other E.M.F.’s and one 
therefore has a reproducible standard E.M.F. The legal volt is 
defined by the potential of the standard Weston cell which is exactly 
1.0183 international volts at 20® C. 

For resistance, the legal standard consists in the resistance of a 
column of mercury of specific dimensions. In fact, the legal ohm is 
the resistance of a uniform column of mercury 106.3 cm long having 
a mass of 14.4521 grams at 0® C. 
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LIQUID CONDUCTORS I, ELECTROLYSIS 

48. TYPES OF CONDUCTION AND FARADAY*S LAWS 

It was stated in Chapter VII in discussing conductivity that 
electrical conduction is of two types. The first type of conduction 
is metallic conduction and depends on the transport of electricity by 
the very small and mobile electrons. Practically all of the non-metallic 
conductors depend on the transport of electricity by the atoms or 
molecules of the substances themselves, the atoms and molecules 
being charged. This constitutes the second type of conduction. 
The conductivity caused by carriers of this kind first came to light 
in a study of solutions. It was later extended to explain the con- 
ductivity of most non-metallic solids. In certain crystals conduc- 
tivity is partly electronic and partly of the molecular type, and the 
remarkable work of Joff^ and of Pohl has given us a completely new 
insight into the problems of such conductivity. 

These men have succeeded in measuring the very feeble conduc- 
tivity of many non-metallic crystals. In their studies they were able 
to show the electrolytic nature of the conductivity of some of the 
crystals, that in certain crystals one ion is mobile while the other ions 
are fixed and in others that apparently both ions are mobile. Joff^ 
further investigated the influence of temperature on this conductivity 
and showed that in some crystals temperature acted by decreasing 
the viscosity of the crystal and also by increasing the dissociation 
of the crystal lattice into ions thus facilitating conduction. In certain 
crystals conductivity was found to be influenced by impurities, and 
in fact the higher conductivities of certain of the crystals were found 
to be entirely due to the presence of impurities which could be elec- 
trolyzed out or separated by fractional crystallization. It was shown 
that in certain cases, particularly in crystals containing colloidal 
metals which had been separated by the action of x-rays, the ultra- 
violet light succeeded in producing a marked conductivity which 
was due to the liberation of photoelectrons from the colloidal metal 
particles inside the crystal, the electrons then leading to an electronic 
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conductivity in a dielectric crystal. The fascinating experiments of 
Joff4 and of Pohl can be found described in JolTe’s “ Physics of 
Crystals and in Gudden’s book entitled “ Lichtelectrische Erschein- 
ungen.’* 

Most pure liquids, such as benzene, alcohol and water, as well as 
certain solids such as porcelain and glass when cold, show little con- 
ductivity of either type. However, in water when salts, acids or 
bases are present, the conductivity may become quite high. The 
same holds true if the glass or porcelain be heated to several hun- 
dred degrees. 

It was divscovered about the same year that Volta developed the 
voltaic pile that an electric current flowing through water containing 
traces of dissolved inorganic material caused an evolution of gas at 
the metallic terminals in the licjuid. These terminals, which we will 
from now on call electrodes^ were covered with bubbles of gas. It was 
observed that at the negative electrode hydrogen was liberated, and 
at the positive electrode oxygen was liberated. It was also observed 
that twice as much hydrogen by volume was liberated as oxygen. 
Faraday investigated this and showed that in solutions of other sub- 
stances such as GuS 04 , and AgNO;^, the metal was liberated at the 
negative pole, and that oxygen was liberated at the positive pole, if 
platinum or non-corrosive electrodes were irsed. He investigated the 
dei)osition of these metals cjuantitatively and found that for a f^iven 
current flowing for a given time the weights of substances liberated were 
always the same^ the weight for each substance being characteristic of 
that substafice. He further observed that the weights of these sub- 
stances liberated had very defifiite ratios to each other. He also found 
that these ratios were related by simple fractions to the atomic weights 
of the substances. He named the phenomenon electrolysis, and he 
called the negative electrode the cathode and the positive electrode 
the anode, 

Faraday noted that a quantity 96,500 coulombs (amperes X sec- 
onds) of electricity liberated 1 gram atom of hydrogen, \ gram atom 
of oxygen, 1 gram atom of silver, gram atom of copper. The same 
quantity has since then been found to liberate \ gram atom of ziiu', 
1 gram atom of chlorine, J gram atom of bismuth, and \ gram atom 
of thorium. By the term gram atom we mean that weight in grams 
corresponding to the atomic weight of the substance as given in any 
table of atomic weights. Now since 1 gram atom of hydrogen, silver, 
copper, and so forth, contains, according to Avogadro’s rule, the same 
number of atoms, it follows that for 1 atom of hydrogen there is 
deposited J atom of oxygen, 1 atom of chlorine, 1 atom of silver, 
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2 atom of copper, ] atom of zinc, ^ atom of bismuth and | atom of 
thorium. Thus, if an atom of hydrogen carries a unit charge an atom 
of oxygen carries two unit charges, that of chlorine one unit charge, 
that of silver one unit charge, that of copper two unit charges, that 
of zinc two unit charges, that of bismuth three unit charges, and 
that of thorium four unit charges. 

This phenomenon is shown by the experiment illustrated in Fig. 46. 
In this figure one sees in series with a battery B and an ammeter A 
four devices containing different solutions. In the first one, labeled 
II, we have an II"sha|)ed tube with an electrode in each of the ver- 
ti('al branches of the II. These ])ran('hes are initially filled to the 
stopcock at the top with acidulated water. Down the sides of the 



Fh;. 4(). - t^Irrtrolysis. 

two vertical tubes there are graduations giving the volume, starting 
with zero at the stopcock. As the current passes through these cells 
the positive hydrogen ions go to the negative electrode, giv^e up their 
charge and are liberated as a gas which rises to the top of the tube. 
On the left hand side, at the positive electrode, the OH ions which are 
negatively charged give up their charge to the anode. In doing this 
they react together to give an atom of oxygen and form water. The 
atoms of hydrogen and oxygen liberated at the cathode ( — ) and 
anode (+), respectively, immediately unite in pairs to form mole- 
cules. The molecules then, since the water is vsaturated with these 
gases, are liberated in the form of bubbles and the water in both 
arms of II is displaced by the gas through an outlet tube not shown 
in the diagram. By adequately adjusting the pressures through this 
outlet tube the actual volume of gases of hydrogen and oxygen liber- 
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ated can be estimated at standard temperature and pressure. Thus 
the weight of gas liberated may be computed and the flow of current 
determined from F'araday’s laws. Experiment would show that the 
volmne of oxygen liberated is one-half that of hydrogen. In the 
beaker labeled CuCb there is a solution of cupric chloride, CuClo. 
In this the copper is deposited at the negative pole while chlorine 
gas is liberated at the positive pole. Some of the chlorine will react 
with water to form hydrochloric acid and liberate ox^^gen. Some of 
it will, if possible, react with the anode metal forming a chlorine salt 
of the anode and finally the balance of the chlorine will be liberated 
as a gas. If the copper lil)eratcd at the cathode be weighed it will be 
seen that if 1 gram of hydrogen is evolved in the acid tube //, there 
will be 8 grams of oxygen liberated, and grams of copper 

deposited in the cell Cu. In the beaker AgNO:{ there is a solution of 
silver nitrate. In this beaker .silver is deposited on the cathode while 
the nitrate ion gives up its charge to the anode, and thereupon acts 
with water to liberate oxygen and form nitric acid. In the silver cell 
the weight of silver deposited under the conditions that deposited 
I gram hydrogen will be 107.9 grams. In the last cell labeled Bi(N();i);{, 
the current deposits bismuth from I)ismuth nitrate at the cathode, 
while again the nitrate ion liberates oxygen at the anode. In this 
case the same current which deposited I gram of hydrogen will deposit 
“3“ or 69.3 grams of bismuth. 

The metallic elements like silver, copper, and so forth, carry positive 
charges for they move to the negative pole, and the non-metallic ele- 
ments like chlorine carry 7iegative charges for they move to the positive 
pole. This peculiar relationship of the charges carried by the various 
atoms has a definite relation to the combining ratios of the elements 
in the substances studied. Thus, one hydrogen atom combines with 
one chlorine atom in hydrochloric acid; two hydrogen atoms combine 
with one oxygen atom in H 2 O; two chlorine atoms combine with one 
copper atom in CuClo; three chlorine atoms combine with one bismuth 
atom, etc. In fact, the charge carried by the ion, that is, the charged 
atom of matter in electrolysis, is very closely related to the chemical 
valency of the substance, in each compound studied. 

Thus, accepting Avogadro’s hypothesis and the assumption of 
Faraday's law that 96,500 coulombs deposit a gram atom eejui valent of 
the particular atom, one is led to conclude that electricity is atomic in 
nature. That is to say, there is a unit quantity of electricity, for that is 
the assumption underlying the reasoning just preceding. At the time 
of Faraday, this idea was not ripe because people were thinking in 
terms of the one and two fluid theories of electricity. However, in 
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1867 Helmholtz stated that the only interpretation to be placed on 
F'araday’s laws was that electricity exists in definite units. In other 
words, he stated that there was an atom of electricity and that it was 
asvsociated with the atoms of matter in electrolysis. It was not until 
thirty years later that J. J. Thomson actually showed the existence of 
the negative atom of electricity, the so-called electron, and it was 
nearly ten years later that Millikan made the first accurate measure- 
ment of the electron, this unit of electricity in terms of electro- 
magnetic and electrostatic systems of units. 

The best way of summing up Faraday’s laws would be to state that 
96,500 coulombs of electricity will liberate a gram atom equivalent of an 
element from solution. The equivalent can be determined by dividing 
the atomic weight of the element by the valency of the element in the 
solution, or the comparison of the amount liberated, with the amount 
of an atom whose electrochemical equivalent is known which is liberated 
by the same current. As an example, 96,500 coulombs of electricity 
liberate 1 gram of hydrogen, 8 grams of oxygen, 107.88 grams of silver, 
51.78 grams of copper from CuCb, 69.5 grams of bismuth from BiCla, 
and 55.45 grams of chlorine. This fa('t is of great use in the measure- 
ment and comparison of currents. In fact, these laws furnish the basis 
of the legal standard of current, and the instrument used in measuring 
currents by this method is known as the voltameter. 

49. CONDUCTION IN SOLUTION AND ATOMIC STRUCTURE 

It is now necessary to discuss the nature of this conduction. In the 
case of metals it was stated that the electron moved freely and probably 
through nearly forceless channels among the atoms of the crystal 
lattice. The existence of the electron in the free state is possible only 
for atoms which have more electrons than they need to give them 
dynamical stability. 

In 1911 the work of Rutherford made it seem probable that atoms 
were miniature solar systems consisting of a massive but minute, central 
sun or nucleus of positive electricity containing 0.998 or more of the 
mass of the atoms. The subsequent work of Moseley and Bohr in 
1915 led one to conclude that these positive nuclei! were surrounded 
by electrons equal in number to the positive charges, moving in stable 
orbits of an elliptical or circular nature. The ordinal number of each 
element in the periodic table fixed the number of positive charges on 
the nucleus and hence the number of electrons in orbits about it. 
Thus II has 1 positive charge on the nucleus and 1 electron, lie has 
2 positive charges on the nucleus and 2 electrons, Li has 5 positive 
charges and 5 electrons, carbon 4, neon 10, sodium 11, and so on. 
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According to the new theories of atomic structure originally put 
forth independently by Gilbert Lewis and Kossel in 1917, the metallic 
elements are in a more “ dynamically ” stable state, as far as the orbits 
of the satellite electrons are concerned, when they have a configuration 
corresponding to the nearest inert gas in the periodic tal)lc. Thus, 
sodium strives to have the same number of electrons and the same con- 
figuration of electrons as the gas neon, which precedes sodium in the 
table. In attaining this configuration, however, sodium, which has 
one more positive charge and one more electron, endeavors to lose the 
electron and become positively charged. Thus metals in general try 
to attain the stable dynamical configuration of the nearest inert gas. 
In attaining this state, they will give up their electrons wherever pos- 
sible either to another atom which will take them up in order to attain 
its own dynamic stability, or to the lattice of a metal electrode. On 
the other hand, the so-called non-metallic elements try to gain the 
dynamic stability of the configuration of the inert gases immediately 
following them in the periodic table. Thus, it is known tliat argon 
has a stable group of 8 electrons in its outer shell ; chlorine, the element 
which immediately precedes it, has a positive charge, one unit less than 
this, and con.sequently one less electron. Its stable shell of 8 is incom- 
plete. If possible, it will steal an electron from an atom, like sodium. 
It then has a negative charge, but it has attained a dynamically stable 
configuration. Thus we see that there are two types of elements, 
those that lose electrons and those that gain electrons. Consequently, 
it is not surprising that in metals we should find free electrons, and 
that in substances which are non-metallic the electrons should be 
picked up as rapidly as possible by the atoms. The whole behavior 
which is exhibited in the formation of the type of polar chemical com- 
binations which ionize in aqueous solution, and thus conduct the cur- 
rent according to Faraday’s laws, is due to the striving of atoms to 
attain the dynamic stability of the nearest inert gas in the Periodic 
Table at the expense of incurring electrical instability, i.e., the ionic or 
charged state. 

Now, in salts, acids, and bases we have combinations of atoms held 
together by the charges on the atoms, the atoms which came together 
to make the groups having lost or absorbed the electrons. That is, 
the process of combination of sodium and chlorine to form a salt con- 
sists in the transfer of the extra electron of sodium to the chlorine atom. 
The two atoms are therefore dynamically stable and inert chemically, 
but electrically they are lx)und together by their charges. If such a 
molecule as NaCl be placed in solution in a substance like water, which 
is characterized by having a high dielectric constant (by a high dielec- 
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trie constant, it will be seen in ('hapter XVI, is meant a substance 
which has the power of reducing the forces between electric charges), 
the following happens. When a crystal of NaCl is placed in this liquid, 
the molecules of the liciuid immediately act to decrease the electric 
forces between the atoms of the crystal. In the continuous heat 
motions which these atoms undergo, the atoms bound together by 
weakened electrical forces due to the dielectric action of water will be 
separated. Thus when placed in water, NaCl will very ciuickly find 
itself broken up into sodium ions with a positiv^e electrical charge and 
iht* ('hlorine ions with a negative electrical charge. In the case of 
substances which are divalent in a compound, such as calcium in cal- 
( ium chloride, this means, in terms of the j)i('ture discussed, that the 
('alciuin atom is deprived of two electrons, which makes it assume a 
configuration like argon, and that the two chlorine atoms have each 
picked up one electron. Accordingly, in solution when calcium chlo- 
ride is broken up we have a doubly charged positive calcium ion and 
two negatively charged chlorine ions. 

The term ap|)lied to this splitting up is called dissociation. The 
theory of electrolytic dissociation was put forth by Arrhenius in 1887 
to explain the conductivity of solutions. The fact that Na(d in solu- 
tion was dissociated in this fashion was confirmed by the fact that in 
solution dissociated NaCd acts as if it had twice as many molecules or 
[)articles present as there are molecules of sodium chloride. In chem- 
ical terms this means that the osmotic pressure of NaCd solution is 
twice as great as the osmotic pressure to be expected from the number 
of sodium chloride molecules that would otherwise be present. This 
gi\'es us a fairly clear picture of what is meant by the term ion, and how 
we exj)lain the theory of electrolytic dissociation. 

The existence of ions, however, as was stated earlier in the chapter. 
Is not confined to solutions alone, although they show it most clearly 
on account of the mobility of the ions present. In fact many, if not 
most, heterogeneous substances have ions present in them. For 
instance, glass when it is molten or hot will conduct an electric current, 
and a very striking experiment can be made in electrolyzing metallic 
sodium from sodium nitrate at 250° through glass into an electric 
light globe. 

In the incandescent light bulb B of Fig. 47 is an incandescent fila- 
ment F, F emits electrons and is connected to the negative terminal of 
a 220-volt I).C'. supply main. As F. the center of the main is at a 0 
potential the potential across the filament whose other end is grounded 
is —110 ^^olts thus lighting the lamp and causing an emission of elec- 
trons from the filament. The lamp is well ev'acuated so that the elec- 
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Irons shoot out from F in all directions. The lower end B of the bulb 
is immersed in a molten mass of NaNO.} at about 250° C in an iron 
crucible /. The positive terminal of the 220-volt D.(\ line which is 
110 volts above the ground E is connected to the crucible /. Na"^ ions 
are driven by the field from the crucible through the molten NaNO.^ to 
the surface of the glass. The glass, which is also somewhat conducting 
due to the Na"^ ions which are present because it is a soda glass in which 
Na"^ ions exist, has the Na"^ ions driven from the outside surface to the 
inside surface of the 
bulb. The Na * ions 
arriving on the inside 
of the glass bulb f)ick 
up the electrons from 
the filament which 
are driven towards 
the end of B in the 
NaNOi solution by 
the field. Now Na'*' 

+ ~ Na, W'here e 

is an electron and Na 
is the atom of sodium , 
so that the ions on 
arriving on the inside 
[)f the b u 1 b are 
rhanged to neutral 
atoms. The neutral 
atom is volatilized in 
the vacuum and de- 
posits on the cold 
upper part of the 
tube. As Na * ions 
are removed from the 
?lass by the process 

new Na+ ions enter |.>,,rolysi.s of So.liun. ihrouKh (llass. 

the glass from the 

NaNOa and the glass remains unchanged. The quantity of Na 
dectrolyzed through the glass in this fashion accurately obeys Fara- 
day’s laws of electrolysis, and the method has been proposed as afford- 
ng an accurate voltameter. The NOy “ ions go to the iron of the crucible 
ind liberate oxygen or form oxides and nitrates of iron. Had K2SO4 
Deen used in place of NaNOa the K+ ions would have replaced the 
which came from the glass. The K"*- which enters, the glass. 
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however, so changes its properties that the glass rapidly goes to 
pieces. 

Another striking effect obtained in certain pure glasses which have a 
very small number of ions is the complete polarization of the glass in a 
constant electric field. For instance, Pyrex glass at 400® C will con- 
duct an electric current. If a potential be applied to the glass for 20 
minutes, the current will rapidly fall and at the end of 20 minutes the 
material will act as a good insulator. On reversing the field the cur- 
rent will jump up to its initial value, falling to zero again in the course 
of time. In this case the conducting ions are due to impurities such as 
sodium or potassium in the glass, that move to the electrode and owing 
to mechanical difficulties are not deposited on the surface of the elec- 
trode. When these are removed to the negative pole, there are no free 
ions and the current stops flowing. 

The fa('t that the ions exist in solution has furthermore been verified 
by a study of the velocities with which the ions move in solution. In 
fact, we have today quite a definite knowledge of the actual velocity 
with which an ion of sodium, potassium or hydrogen moves through a 
solution with a given field strength. The velocity of the ion varies 
with what is supposed to be the radius of the ion. It is also dependent 
on the charge of the ion. The larger the ion, the slower its motion. 
The two fastest ions known are the hydrogen and hydroxyl ions. The 
high speed of the hydrogen ion is easily understood because a hydrogen 
ion is a hydrogen atom deprived of its electron. .Since the positive 
hydrogen nucleus^ called the proton, has the smallest volume of any elec- 
trical unit known, it is not surprising that it should dodge with con- 
siderable freedom among the molecules of the electrolyte. The actual 
velocities of the hydrogen, sodium, and .silver ions in unit electrical 
field are 0.()().^2.^ cm per sec for H, 0.00045 cm per .sec for Na, and 
0.00058 cm per sec for Ag per unit field. 

Klectrolysis is used very widely commercially for the following 
purposes : 

(1) For making H 2 , Cb, O 2 , and IICIO. 

(2) h"or making Na, K, Al. 

(5) For the purification of copper and other substances. 

(4) For plating of substances with metals. 

(5) For the measurement of electrical currents. 

(6) It is of great importance through its destructive effects in 
the corrosion of the frames of steel buildings and other steel 
structures, for para.sitic electrical currents from street cars 
and power lines daily erode away the metal. 
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We now come to a new problem in the question of conductivity 
f solutions. The subject which we are j?oing to discuss will require 
he introduction of two new concepts, the one solution tension, the 
ther solution pressure. 


50. SOLUTION TENSION 

If we take a piece of metal like zinc or magnesium and place it in 
^ater, it has a tendency to go into solution. As was intimated in 
he last chapter, when an electropositive metal like zinc goes into 
olutioii it tends to do so in the form of an ion; that is, it tends to go 
ito solution as an atom which heis lost electrons in order to reach 
Is most stable chemical or dynamical form. If then we place a piece 
if zinc in water, zinc ions with a double positive charge go into solu- 
ion. As they leave the metal with a positive charge the metal which 
/as neutral must retain an equivalent negative charge (i.e., the 
^alence electrons of the zinc which were sacrificed to gain dynamic 
tability). As solution continues the negative charge on the zinc 
ccumulates. The negative charge however acts to draw back the 
positive ions of zinc and cause them to return to the metal. The 
endency to go into solution as ions is called solution tension. 

51. SOLUTION PRESSURE 

The second concept which we must use is that of solution pres- 
ure. If we have a substance like zinc chloride in solution the zinc 
ins which are present will tend to condense out on any surface, 
"his phenomenon we call solution pressure. As the ions start to con- 
lense they carry a positive charge to the electrode and so very quickly 
harge it up to a potential such that no more positive zinc ions can 
each the electrode. 

52. EQUILIBRIUM 

Consequently there are two opposing tendencies when any metal 
3 immersed in a solution of its salts. On the one hand it sends ions 
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into solution, and on the other hand ions try to precipitate out. These 
two processes lead to equilibrium with a certain number of ions in solu- 
tion carrying their charge, while the metal has an equivalent number 
of opposite charges. This equilibrium is determined by the nature of 
the metal and the form in which it ionizes, the charge on the metal 
which pulls the ions back, and the concentration of the ions in solu- 
tion which also limits solution. 

If then we place a piece of zinc into a solution of zinc chloride or 
zinc sulfate, the zinc will go into solution until the concentration 
of zinc ions produces e(|uilibrium, that is, there will be a solution of 
the zinc until the zinc acquires a negative charge so that the number 
of zinc ions striking the electrode per vsecond eciuals the number that 
leave the electrode. In this state the zinc electrode has a negati\'e 
charge. Had we used magnesium instead of zinc the tendency to go 
into solution would be even greater, and the negative charge neces- 
sary to draw in enough magnesium ions to make the rate of precipi- 
tation equal the rate of solution would be higher than with the zinc. 

In practice the equilibrium potential can be determined for any 
metal and the metals may then be arranged in the order of the poten- 
tial which they give under standard conditions. Thus each metal 
would be characterized by a specific potential with regard to the 
solution it was placed in, and one would have a series of the solution 
tensions of the various metals. If one listed the various metals in 
such a scheme, one would find that magnesium has a very high solu- 
tion tension, zinc a slightly lower one, hydrogen still lower, and cop- 
per and platinum will have still lower tensions. Such a table of ele- 
ments is seen below. 


V’(M/rAK‘ OK Hkim.ackment Seriks of the Ions of the Elements Derived from 
THE Heats of Formation as Given by Ostwald 


Positive Ions 

Negative Ions 

Li' 

Ca ' 


Sn + + 

Cu^ 

OH- 

Rb + 


Ke + +'- 

Pb + + 

Hg+ 

ci- 

K + 




Ag+ 

Br- 

Na-'- 

NH4'^ 

C(J + + 

Fe + + 


I- 

Sr + -' 

Mn 




S" 


It must be noted, however, that the table given above is based 
on the relative heats of formation of the particular ions listed and 
can only be used after a careful consideration of the conditions pres- 
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ent in the solutions in which the metals are used to be sure that the 
reaction is such as is indicated by the table. If certain of the sub- 
stances can as a result of the chemical reactions possible in a given 
solution react in a different manner from the one indicated in the 
table the whole order of the reaction may be modified. For example, 
Fe in slightly acid solution tends to go into solution replacing hydro- 
gen which as will be seen later is given off at the surface of a copper 
electrode. If the solution is neutral or alkaline the tendency is much 
decreased on account of the formation of insoluble hydrated iron 
oxides. The iron electrode will therefore be negative while the cop- 
per electrode will be positive due to the deposition of ions on its 
surface. If the acid solution be replaced by an alkaline solution of 
KCN the reaction is completely changed. Copper will dissolve, giving 
a complex co[)per cyanide ion; Cu(C'N)2“ as copper in this solution 
is very soluble. On the other hand in an alkaline solution the iron 
will show little tendency to replace hydrogen ions. Thus the copper 
will go into solution as Cu'^ uniting with 2 CN” to give Cu(CN)2‘" 
and will leave a negative charge on the copper electrode while the 
ions will giv^e a positive charge to the iron electrode and subse- 
(piently react to form KOH liberating Ho gas at the iron electrode. 
The relative potentials of the Cu and the iron electrodes will thus 
be reversed from those in the acid solution as will also be the case 
for the course of the reaction. The reversal can be readily seen by 
the direction of the deflection of a galvanometer in a circuit in which 
the Cu and Fe electrodes are first placed in acid and then washed 
and placed in the cyanide solution. 

Substances such as chlorine or oxygen also go into solution. They, 
however, go into solution taking on a negative charge, that is, they 
yield negative ions. This results from the fact that both the chlorine 
atom and the oxygen atom are more stable chemically and dynami- 
cally when they have gained enough electrons to fill out their shell of 
eight, even when in doing so they gain a negative charge. Experi- 
mentally, it is difficult to obtain electrodes of gases because gases 
are non-conductors. The way in which a chlorine gas electrode can 
be achieved is by bubbling the gas through meshes of a platinum 
gauze which constitutes the electrode. The adsorbed chlorine then 
serves as the electrode surface. As it ionizes with a negative charge 
the electrode acquires a positive charge and this process goes on until 
the opposing tendencies of solution tension and solution pressure 
again establish equilibrium. Accordingly in the case of the negative 
ions again we have a series of elements which exhibit varying ten- 
dencies to go into solution. Those which give the electrodes the 
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highest positive charge are the so-called most electronegative gases, 
that is, they have the highest electron affinity. Thus chlorine is far 
more electronegative than oxygen and oxygen very much more so 
than nitrogen, which really shows no tendency to go into solution 
in the form of ions. 

These principles which we have discussed underlie the whole 
action of the chemical cells or batteries. We will discuss several dif- 
ferent types of cells in what follows. 


53. THE CONCENTRATION CELL 

Perhaps the simplest of all cells is the concentration cell. Suppose 
we place a zinc electrode in a solution of concentrated zinc sulfate, 
place another electrode in a solution of very dilute zinc sulfate and 
then connect the two solutions by means of a conducting bridge 
filled with zinc sulfate. A cell of this sort could perhaps most easily 
be achieved by placing the dilute zinc sulfate in a porous porcelain 
('up and placing this ciij) in a concentrated solution of zinc sulfate 
which contains the other electrode. I'he zinc in the concentrated 
solution will tend to dissolve, charging this electrode negatively. 
It will do the same in the dilute solution, but owing to the lower con- 
centration in the dilute solution the e(iuilibrium charge of the zinc 
electrode in the dilute solution will be more highly negative than in 
the case of the concentrated solution. One thus has two electrodes 
of different negative potentials, the potential of the zinc in the con- 
centrated solution being less negative, or consequently more posi- 
tive, than the electrode in the dilute solution. There is thus a poten- 
tial difference between the two electrcKles. 

If a galvanometer be connected to the two zinc terminals current 
will be observed to flow from the zinc in the concentrated solution 
to the zinc in the dilute solution trying to equalize the potential of 
the two electrodes. If one accept the electron as the carrier of the cur- 
rent, the superfluous electrons on the electrode in the dilute zinc 
solution would really flow to the zinc in the more concentrated solu- 
tion. In any case, the equalization of charges would take place. As 
soon as the charge of the zinc in the dilute solution is lowered, more 
zinc will go into solution, and the flow of negative electricity to the 
zinc in the concentrated solution will increase the negative charge 
of that electrode. This increase immediately acts to draw in more 
zinc ions because the equilibrium potential has been destroyed. Thus, 
on the concentrated side zinc ions will go to the electrode and give 
up their positive charge, becoming zinc atoms, while on the negative 
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side zinc will go into solution. In the meanwhile, current flows 
through the galvanometer. It is seen at once that the direction of 
the processes at work are such as to reduce the concentration of the 
strong solution and increase the concentration of the weak solution, 
the net result being the eciualization of the concentrations of the two 
solutions. Thus we keep the electrical current flowing as long as the 
concentrations are different. The energy which is used during this 
process corresponds to the heat of dilution of the zinc, for what has 
occurred is that the zinc which was in a concentrated vsolution is now 
occupying the total solution volume of both the concentrated and the 
dilute solution. In studying the energetics of such cells, the electro- 
motive forces would at first wsight appear to be coni|)u table from the 
heats of dilution alone. This is so in some cells, but not in others. 
In general another term must be regarded, and that is the entropy 
of the reaction. A study of this lies beyond the scope of this course 
and belongs properly in an advanced course in physical chemistry. 


54. THE COPPER CELL OR DANIELL CELL 

One may now discuss the case of a cell made of dissimilar metals. 
Place a dilute solution of zinc sulfate inside of a i)orous cup, [)lace 
the porous cup in a concentrated solution of copper sulfate. Into 
this copper sulfate solution may be phu'ed an ele('trode of copper. 
Now, as before, the zinc takes on a negative charge, zinc ions going 
into solution. In the case of the copper eciuilibrium is set up by a 
few copper ions going into solution or i)erhaps if the solution is con- 
centrated enough a few copper ions precipitating out. In any case 
the potential of the copper relative to tlie potential of the zinc is 
distinctly more positive. The instant a ware is attached to the two 
electrodes making a transfer of electricity from one to the other pos- 
sible, the transfer occurs. The cciuilibrium which had existed is at 
once disturbed. The copper which was before in eciuilibrium, owing 
to the loss of the positive electricity which flowed to the very nega- 
tive zinc electrode, now strongly attracts the copper ions. The cop- 
per is deposited rapidly and one finds the electrode coated with small 
nodules of new metallic copper. In the case of the zinc electrode 
the zinc goes into solution as soon as the c(}uilibrium is disturbed 
because through the advent of the positive electricity the potential 
of the zinc electrode is not sufficient to hold back the zinc ions. Thus 
the action of this cell consists in the solution of zinc and the precipi- 
tation of copper. The laws of electrolysis lead us to suppose that as 
many ions of zinc go into solution as ions of copper go out of solution 
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for they are both bi-valent. In this case, however, the chemical 
action would go on until all the zinc was dissolved or copper was 
liberated. The energy which is expended by the current then comes 
from the replacement in solution of copper ions by zinc ions, that is, 
it corresponds to the differences in heat of solution between zinc and 
copper, with of course a correction for the entropy term involved as 
mentioned under the concentration cell. 

55. THE ACID CELL 

It has been mentioned in the first sections that the various ele- 
ments could be placed in a series as regards the potentials which they 
attained. This corresponds to the electromotive force series of the 
elements and was first discovered by Volta in his study of the voltaic 
|:)ile. One way of investigating the replaceability would be to place 
tlie metal to be tested into a solution of the metal which it is expected 
to replace. That is, if one place a piece of iron which has a higher 
solution tension than copper into a solution of copper it will be 
observed that the iron goes into vsolution and the copper goes out of 
solution. The action is very much like that of the Daniell cell, the 
precipitation of copper taking place at points where there are bits of 
impurity which decrease the solution tension of the iron. Again if a 
piece (jf zinc be placed in an acid solution hydrogen is liberated as a 
gas, that is, hydrogen has a lower solution tension than zinc and is 
thus replaced by it. The relative solution tension may be measured 
in three different ways: (1) by the method of replacement just dis- 
cussed, (2) by the relative potentials acquired by the metals in solu- 
tion, and (3) by the relative energy liberated by the elements when 
they go into solution. 

In discussing this table of solution tensions we find that hydrogen 
stands higher in the series than cither platinum or copper. Thus, 
hydrogen replaces copper in solution, and tends to go into solution 
taking on a positive charge more readily than copper does. It is well 
known that copper will not dissolve in HCl. This fact enables us to 
explain the action of the third type of cell, the acid cell. 

Suppose a zinc electrode and an electrode of copper be placed in 
a solution of hydrochloric acid. As before, the zinc atoms go into 
solution charging the zinc negatively. It is possible ' that a small 
number of the copper ions may go into solution having a very low solu- 
tion tension, but this number will not be great. In the solution besides 
the ions of zinc and the few ions of copper there are many hydrogen 
ions. These ions will attempt to precipitate out because hydrogen 
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has a solution pressure. On immersion in the acid the copper elec- 
trode will come to equilibrium with the hydrogen ions as well as with 
the copper ions. If, now, the copper electrode and the zinc electrode 
be connected, the negative electricity on the zinc electrode will flow 
to the copper. The potential will then become too negative for the 
equilibrium of that electrode with the solution. At first, the copper 
having the lowest solution tension will precipitate out. The poten- 
tial of the electrode will however be even more negative than will 
permit the existence of hydrogen ions in the solution in such a con- 
centration, and the hydrogen ions will proceed to prec'ipitate out. 
Meanwhile, the zinc ions continue to go into solution giving more 
negative charges to the copper electrode, and thus more hydrogen 
ions are electrolyzed out. As soon as In^drogen ions reach the elec- 
trode, they give up their charge and go off as bubbles of hydrogen 
gas. Their positive charge draws more electrons from the zinc elec- 
trode and consequently more zinc can go into solution. Thus the 
zinc goes into solution and the hydrogen goes out of solution. Since 
the hydrogen has one positive charge, two hydrogen ions will go out 
of solution for every zinc ion that goes into solution. The current 
will flow until all the zinc has gone into solution or all the hydrogen 
ions of the acid have been replaced by zinc ions. The energy in this 
case is the difference in the solution energy of zinc ions and hydrogen 
ions, that is, the energy given by this cell is the energy of formation 
of zinc chloride ZnCb less the energy of formation of hydrochloric 
aci^l IICl, with the added restriction ('aused by the neglect of the 
entropy term. 


56. POLARIZATION 

The acid cell is the one most frequently encountered in ('hemical 
reactions. Practically, however, it is not useful because of the phe- 
nomenon known as polarization. This phenomenon of polarization 
is due to the liberation of hydrogen gas. It is obvious that as soon 
as the hydrogen is liberated it forms bubbles. These can make a 
more or less continuous coating on the electrode which does not con- 
duct electricity. Such a coating reduces the area available for the 
passage of the current. It increases the internal resistance of the cell, 
and thus enables the discharge of the electrodes to take place more 
rapidly than the charge. The potential difference that will be main- 
tained between the two terminals due to the rapid discharging of the 
terminals and their slow rate of charging because of the high resistance 
caused by reduced surface area, will therefore not be the potential 
difference at which one could expect the cell to operate in the absence 
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ot polarization. As a number of convenient cells used in commercial 
practice have a tendency to suffer from polarization, features have 
been arranged to obviate this. All that is required for the removal 
of polarization is a removal of the gaseous film by: (1) the mechanical 
jarring or scraping of the electrode to remove gas bubbles, (2) a 
chemical methcxi depending on the use of oxidizing agents such as 
K2CVO4 or Mn02, (3) the use of solutions which do not polarize. 
The Daniell cell discussed in case No. 2 is a non-polarizing cell inas- 
much as copper is deposited and this forms a conducting film. 

57. CALCULATION OF THE APPROXIMATE E.M.P. OF A CELL 

We now take up another important phase of the question of cells, 
that is, the value of the K.M.F. given by a cell. As was stated in 
Chapter VII, the internal resistance of the cell prevents current 
being supplied to the electrodes as fast as it is removed by the con- 
necting leads. Thus the potential difference given by a cell with a 
resistance across it is not the maximum potential difference which 
the cell can give. The maximum potential difference which any cell 
can give is called the K.M.F. of the cell and can be measured by 
measuring the separate potentials of the two electrodes relative to 
the solution or by measuring the actual potential difference between 
the two electrodes; using a method which does not consume current. 
Such a method would include the use of a potentiometer or the use 
of an electrostatic voltmeter. 

The K.M.h. of a (dl may be approximately computed by a method 
that was hinted at in a discussion of the source of energy of the cell. 
Potential difference, or K.M.l^, is by definition equal to the work 
involved in the transport of electricity from one terminal of a cell 
to another divided by the quantity of electricity transported. That 
is, IV = Rq, where W is in ergs if q is in absolute units of quantitv 
and E is in absolute units of potential. 

In the last chapter we found that 9650 absolute units of quantity 
liberate (atomic weight in grams) /valency of the substance. Let us 
designate the number of grams liberated by 1 absolute unit as Y. 

Accordingly I — j . Then q absolute units will lib- 

erate qY grams. If the qY grams of the substance instead of being 
liberated had been consumeci in the reaction giving the current in 
the cell, they would also have furnished q absolute units of electricity, 
provided we neglect the consumption of the substances which go to 
make up the energy involved in the change in entropy of the reaction. 
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Let us neglect the entropy. If each gram of substance consumed 
furnished II calories, where II is the heat of chemical reaction per 
gram of substance transformed, then this would have used qYII cal- 
ories or qYIIJ ergs of work. This work must be equal to the poten- 
tial difference E times the quantity q transferred, for the electrical 
energy transported comes from the chemical energy consumed. Thus 
we can write qYIIJ = Eq, or YIIJ = E. The F. here obtained is in 
absolute E.M.U. of potential, and to obtain E in volts we must 

. . ^ HYJ 

(li^’i(^e i)v 1(P. Hence we can write F. voih = : 

l(r 


Now we do not usually employ the (iiiantity Y as the expression 
for the deposition of the substance. In place of it we use the electro- 

atomic weiglit in grams Y , 

chemical equivalent S, where N’ = 


.e., 


06,500 X valency 10 
S is the mass of substance liberated per coulomb. If S is used /t voiis 

= We are thus in a position to calculate the E.M.F. of any 


cell in volts if the quantity II is known and if we can neglect the 
entropy change. II is usually the difference between the heat of for- 
mation per gram of the substance going into solution and the sub- 
stance going out of solution. 

Example. — In the case of the oxygen-hydrogeif cell we can calcu- 
late the approximate E.M.F. with considerable ease. The heat given 
out by the reaction is equal to 34,000 calories per gram of II con- 
sumed. /is equal to about 4.2 X 10^. 5 for hydrogen is 0.00001044. 
Dividing the product of these quantities by 10^ to convert them 
into volts E comes out as 1.49 volts. In a similar fashion we can 
calculate the E.M.F. of any cell, if we know the necessary cjuanti- 
ties, and can omit the entropy factor. It is to be noted that in such 
calculations the value of .V for the reaction must apply to the same 
element as the one for which II is calculated. 


58. CAUTIONS IN ELECTROPLATING 

There is one point of great importance which the question of 
solution tension brings out in regard to the electroplating of metals. 
As was stated in the last chapter, the passage of the electric current 
causes the deposition of the ion to take place. It must be borne in mind, 
however, that in order to cause zinc to deposit from a zinc sulfate solution 
the potential of the electrode upon which the zinc is being deposited must 
be more negative than the potential which a zinc electrode immersed 
in the solution would take on due to the tendency of the zinc to go 
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into solution. That is, in any electroplating bath we must be careful 
to have the potential sufficiently great to insure the substance being 
flepositecl. Thus, if we have a solution containing a bismuth elec- 
trode which is to be plated with copper, the copper having a higher 
solution tension than bismuth, we must remember that Bi and Cu 
form a cell which has an E.M.F. tending to cause Cu to divssolve 
and to deposit Bi. Thus to electroplate the Bi with Cu we must have 
a P.D. greater than the E.M.F. of the Bi-Cu cell. It is also useful 
to know that if one, for instance, wishes to plate an electrode with a 
given metal and one has present metals whicli are more readil>^ 
dei)osited than that metal the other metal will also tend to precipi- 
tate out when the potential is applied to the bath. One mode of 
separation of copper in a pure form is by means of electrolysis with 
carefully controlled potentials so that the copper depOwsits whereas 
other more electropositive impurities do not. Furthermore the use 
of too high a potential and hence too great a current density causes 
rapid irregular deposition and does not give an even uniform deposit. 


59. STORAGE CELLS 

The peculiar reversibility of a cell, namely, the fact that copper 
and zinc in the proper solutions will, if connected, deposit copper and 
dissolve zinc, giving us an electrical current, and if a sufficiently high 
potential be applied to the cell to reverse the action, the cell will 
consume electricity and deposit zinc putting copper into .solution, 
leads us at once to the principle of the storage battery. The storage 
battery is merely a convenient reversible form of cell. In such a cell 
when we permit the electricity to flow into the cell we get a deposi- 
tion of the element having the greatest solution tension. When all 
this element has been deposited on the proper electrode we may then 
by connecting this electrode to the other electrode reverse the reaction 
and obtain current at the expense of the chemical energy stored up. 
In order to be able to have the greatest capacity and potential with 
as few cells as possible, and in as convenient a form as possible for 
practical purposes, a great many investigations have been made. 
There seem to be two types of cells on the market which are about 
equally successful. The first of these is the lead storage battery and 
the second is the Edison cell. 

In the lead storage battery, the electrodes consist of grids in a 
framework of lead filled with lead as one electrode and lead peroxide 
made into a paste with lead sulfate as the other electrode. The 
elements of the battery consist then of electrodes of lead and lead 
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peroxide, Pb02. The mechanism of the reaction is summed up in 
the following equation: 


Pb 02 + 2H2SO1 -> Ph(S() 4)2 + 2H2O Pb + ^SOi + 2H2O + S() 4 “ 

That is, Pb 02 reacts to form Pb(SO.i )2 which ionizes, sending ions 

into solution, leaving the Pb 02 plate positively charged and filled 
with PbSO^. As PbvSOt is insoluble there is little Pb in ionized form 
in the solution and the ions depositing on the Pb plate arc other ions. 
As the solution contains an excess of 804=^ ions these tend to deposit 
on the lead i)late charging it negatively. On closing the circuit between 
tlie PbOo plate and the Pb plate equilibrium is disturbed causing 
more Pl)(vSOi )2 to ionize and causing more ions to deposit on 

the Pb plate. These ions on losing their charge will react with water 
to give O 2 , which will in part react to oxidize the Pb plate to PbO, 
and in part will come off as a gas, depending on the rate of discharge 
of the battery. The action will continue until all the Pl )()2 is changed 
to PhO. rnder these conditions the cell is said to be discharged. 
If, now, an external electromotive force be applied to the cell, the 
positive terminal being on the PbOo electrode and the negative ter- 
minal on the PbO electrode, and the electromotive force exceeds that 
of the storage cell, the following reaction will take place: the acidu- 
lated water wall furnish hydrogen ions which will at once migrate to 
what was initially the lead plate if the negative potential is great 
enough to cause hydrogen ions to deposit. If the hydrogen ions 
give up their charge, atomic hydrogen is liberated. This reacts with 
the oxygen on the lead electrode, giving water and leaving pure lead. 
At the positive and what was initially the Pb02 electrode 804“ ions 
w'ill be attracted. Arriving at the electrode they will give up their 
charge and react with the water liberating atomic oxygen. This 
oxygen will at once react with the PbO in the form of PbSOi giving 
Pb02. After all the PbO of the positive pUite has been con- 
verted to Pb 02 the cell will be in its initial state, and is said to be 
charged. 

The cells can act in this fashion indefinitely until mechanical 
wear and tear destroy them. To reduce the internal resistance and 
increase the capacity of the cell it is necessary to have the plates as 
large as possible in area and as close together as possible. Contact 
between the plates is prevented by thin porous separators. If one 
portion of a plate is closer to its opposite plate than the other the cur- 
rent flow will be concentrated at this point. The result will be that 
the plate will wear or erode unequally. Thus, buckling of the plates 



160 


LIQUID CONDUCTORS II, BATTERIES 


leads to very rapid destruction of the cell. If the cell be very rapidly 
charged or discharged, the mechanical action of the gases involved 
as well as the heat produced by the resistance of the cell leads to 
buckling of the cell plates and to rapid destruction. The evolution 
of gases also serves to mechanically loosen the paste in the grids. 
Owing to the fact that in the process of charging the water is electro- 
lized and owing to the fact that gradual evaporation takes place, it 
is necessary that the batteries have their solution replenished by the 
addition of fresh distilled water from time to time. If a battery remains 
unused for long periods of time there is a gradual solution of the 
lead and precipitation of lead sulfate at the bottom of the cell. 
This process destroys the cell and removes sulfuric acid. All cells 
have instructions giving the percentage of acid present when charged 
and when discharged in terms of the specific gravity of the solution 
and the cell should be tested both when charged and discharged by 
measuring its specific gravity. The efficiency of the lead storage cell, 
if properly handled, is from 75 to 85 per cent. 

The Edison cell, which consists of a hydrated nickel oxide elec- 
trode on the one hand and an iron electrode on the other, is far more 
mechanically robust. On discharging, the iron oxidizes and the nickel 
oxide is reduced. The cell is one using alkali as an electrolyte instead 
of acid. Owing to the lower specific gravaty (;f iron and nickel it 
weighs half as much as the lead storage cell for the same capacit>'. 
On the other hand, its E.M.F. is only 1.25 volts, while the 
of the lead cell is about 2.2 volts. This means that while the h'dison 
cell weighs half as much as the lead storage (ell nearly twic'c as nian\' 
('ells are required to give the vsame potential. The effiriency of tin* 
Edison cell is only 50 percent. Deterioration of the Edison cell, how- 
ever, is far less and it can stand much mishandling. 


60 . DRY CELLS 

Resides storage cells, the only other cells which are of particular 
interest today are the zinc carbon cells or modifications of them 
which we know as dry batteries.” These batteries consist of a zinc 
electrode surrounding the cell with a ('entral core of graphite sur- 
rounded by a paste of moist Mn02. These cells are polarizing cells 
and their action is very much like the action of the acid cell. Zinc 
goes into solution at the negativ’e pole and hydrogen is liberated on 
the carbon; in this case the aqueous solution is replaced by a moist 
paste of gypsum with ammonium chloride solution. The manganese 
dioxide reduces the polarization, but heavy currents cannot be 
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drawn from the batteries for any length of time without a fall in 
potential. 


61. STANDARD CELL 


Standard cells are cells which are used as standards of compari- 
son of electromotive forces. Many types are on the market and the>' 
are so designed as to giv^e an accurately reproducible and constant 
electromotive force when made up according to formula. The Weston 
standard cell consists of an H-shaped tube, as shown in Fig. 48. At 
one lower end of the // a platinum wire is sealed into the tube. 'This 
makes contact with the solution by being covered with an amalgam 
of cadmium and mercury. 



Next to this amalgam is a 
saturated solution of cad- 
mium sulfate, a few crystals 
of the latter lying on the 
amalgam. On the other side 
of the //, another platinum 
wire is sealed in and this is 
covered by a mercur}^ glob- 
ule. 0\'er the mercury is 
a i)aste of mercurous sulfate. 

The cross part of the II is 
filled with a saturated solu- 
tion of cadmium sulfate. The two upper arms of the U are sealed 
off. The E.M.F. given by this cell should be l.OlSv^ volts at 20'^ (\ 
The E.M.F. of all cells varies with the temperature, and standard 
('(‘11s should always be used at their rated temperature. 


62. MOST EFFICIENT ARRANGEMENT OF CELLS 

In discussing cells one might at this point discuss the question 
of the most efficient use of cells when they are used in quantity. 
There are two different ways of using cells in a circuit, adapted to 
two extreme types of usage. In the first place, cells may be connected 
in parallel. The use of cells connected in parallel is of importance 
where a heavy current is required and the external resistance Re 
is less than the internal resistance i?». Assume the cells have all the 
same E.M.F. equal to E, Since the cells are all in parallel, they pass 
the current i through the resistance. The equation then is 


E = ^’(i?cella + 22«). 
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In this equation, 7?ceiis is the total resistance of the n cells in parallel. 
Since 

1 111 _ n 

^ r: 

therefore, 

^ ' <7 + 

Thus the current 

R 

n 

If Re is small compared to the current i will then be proportional 
to 71 the number of cells in parallel. 

AKuin suppose the cells to be placed in series. The arrangement 




r 




> 



Fig. 49. — A Bank of 50 Cells Arranged with 10 Cells in Scries and 5 Rows of Cells 

Parallel. 


of cells in this form is of special use for the case where the external 
resistance is great compared to the internal resistance R^ of the cells. 
If there are n cells 


hence, 


Rlotax — — i(nRt + Re)f 

fiE 

* "" 7ir, + r: 


If Re is very great compared to i is proportional to w.' 

In general, where many cells are to be used and a specific circuit 
is to be run in the most efficient manner, that is, to get the greatest 
current, one cannot offhand tell what the best arrangement of the 
cells will Ixi. Assume that there is a total of n cells. Suppose in the 


MOST EFFICIENT ARRANGEMENT OF CELLS 


163 


most efficient arrangement which we intend to calculate, that a* groups 

n . . /n\ 

of cells should be in parallel. - cells will then be in series for ) = 'L 
by the geometry of series and parallel connections. This relation is 
illustrated in Fig. 49 where x = 5, n = 50, whence = 10 cells arc 

.V 

in series. The current in this case will be expressed by an equation 


.V A* X n 


This equation may at once l)e set up from what has gone before con- 
cerning the current when cells are in series and in parallel. 

Now i is to be a maximum. Calculus has taught us that we can 
determine for what value of one of the quantities an c(iuation is a 
maximum by differentiating the quantity with rc.spcct to the variable 
which is to determine whether it is a miiximum or not. In setting 
tlie derivative equal to 0 the .solution of the resulting equation at 
once gives us the condition which must be fulfilled to give the maxi- 
mum current. Thus the maximum efficiency, or perhaps a minimum 
efficiency, is found by .setting. 



or that 


.V- 



11 


ct 


Rr n ^ 

x^ x\x)' 


To test whether this is a maximum or a minimum the second deriva- 
tive of the expression must be taken and the sign of the result must 
be observed. It is hardly necessary to carry this out here, and it suf- 
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ices to state that the condition laid down is the condition for a 
naximum current. The relation 

^ ^ II 

Ri X 

n words reads as follows: 



a urn her of cells in series 

^ ^ ^ = the ratio of the external resistance 

111 in her ot cells in parallel (x) 4 . . 1 

* ^ ^ to the internal resistance. 


f the two resistances are equal (i.e., if Rc = Ru the numher of cells 
1 series equal the number in parallel). 

Example. To see the general application of the prohlem assume 
ne has 100 dry cells to connect so as to give the maximum current. 
Assume that the external resistance is 10 ohms and that the internal 
csistancc of a cell is 2 ohms. The rule says that: 

numher of cells in series 
numher of cells in parallel 



n 

That is, (onsequentlv, S.v = -. Therefore .v- ==-^'4-- Siiue x = 

X 

/ 20 = 4.48, the result says that there should he 4.48 ('ells in parallel 
100 

nd consequently — — ('ells in vseries. Actually one cannot split up 
4.48 

ells into fractions. We consequently have to take the closest whole 
umber to 4.48 cells and this ivill be the most efficient way in which the 
ells can be combined. Thus, if we place 4 cells in parallel and 25 in 
eries we should get the maximum current. Since 4.48 is so nearly 
qual to 4.5 this indicates that we should get almost as much current 
f we placed 5 cells in parallel and 20 in series. To pi'ove this we 
alculate the current in the two cases. Suhstituting the values for 
n 

• and - as well as the resistances in the equations, one has for the 


■ cells in parallel 


25E 

25 ( 1 ) + 10 


l.llE. 


n the other case one has 


20R 

20(f) + 10 


I.IOJS. 
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The difference is exceedingly small. If, however, we took the case 
of 2 cells in parallel we would see that the current was distinctly less. 
In this case 


50£ 

50(i) + 10 


0.835E. 


Had we chosen 10 cells in a series and 10 in parallel 


10 £ 

10(t%) + 10 


0.835E. 


Such calculations are often needed in electrical circuits to get the best 
combinations of cells. 



CHAPTER XIII 


THERMOELECTRICITY 

63. THE PELTIER AND SEEBECK EFFECTS 

In 1826 Seebeck observed a curious effect. He found that if one 
took a strip of antimony wire and connected its ends to two strips 
of bismuth, whose ends were connected to the terminals of a sensitive 
galvanometer, when one of the bismuth-antimony junctions was 
heated to a higher temperature than the other, the galvanometer 
showed a deflection indicating a current. This became known as the 
Seebeck effect, and is illustrated in Fig. 50. 




Fu.. 50. Fuj.' 51. 

In 1855, Peltier observed that if one took a pair of junctions simi- 
lar to that used by Seel)erk i.e., a strip of antimony connected at its 
two ends to two strips of bismuth — and eittached these to the ter- 
minals of a battery so that a current flowed through the junctions, one 
observed in the case of the junction where the current went from 
bismuth to antimony a cooling of the junction, and where the cur- 
rent went from antimony to bismuth a heating of the junction. This 
was called the Peltier effect and is illustrated in Fig. 51. 

The two effects were soon discovered to have a common origin and 
today we give the following simple explanation of the phenomena. 

The explanation followed what was originally supposed to be the 
correct interpretation of metallic conduction. It was assumed that 
the metals bismuth and antimony had free electrons present, but 
OTan^ismuth had more free electrons than antimony. At a junction 
between the two, owing to the higher concentration of free electrons 
^ 166 
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in bismuth, a diffusion of these from bismuth to antimony took place. 
Thus, the bismuth metal was left positive and the antimony became 
negative. The electrification was, however, confined to the actual 
junction of the two metals. 

Now it was further believed that if one heated such a junction, 
owing to the increased temperature agitation, the bismuth free elec- 
trons were able in greater number to traverse the boundary into the 
antimony. Thus, with two junctions, the hotter one would have the 
bismuth-antimony potential greater than the cold junction. The net 
result would be tliat the current would flow from the hot bismuth- 
antimony to the cool antimony-bismuth through the circuit. 

The explanation of the Peltier effect is also based on the existence 
of these potential differences at the boundaries of the two metals. 
When a current is passed across the junction from bismuth to anti- 
mony, the bismuth being positive and antimony negative, by the 
conventional laws of flow of current, positive electricity flows from 
the bismuth to the antimony. This tends to annihilate the electrical 
field at the junction. To build up the field again takes heat energy 
from the metal, consequently heat is consumed and the bismuth- 
antimony junction is cooled. In the case of the antimony-bismuth 
pair where the current flows from antimony to bismuth the current 
must flow from negative to positive in the field produced between 
the two metals. Electricity is therefore carried across the junction 
against the field. Thus work is done and the antimony-bismuth couple 
is heated. The two effects should be about equal in magnitude pro- 
vided the temperature differences are not too great.^This explanation, 
although initially accepted, has had considerable doubt cast on it in 
view of our present-day uncertainty as to the exact mode of transfer of 
electricity in metals. That free electrons are present in small numbers 
is possible. It is now doubtful whether the free electrons in large num- 
bers are present at all, at least in a state where the electrons can share 
in the temperature equilibrium of the atoms. In fact very recently a 
theory has been proposed based on the idea that the free electrons 
in a metal lattice are to a large extent in a peculiar state which is 
termed “degenerate” at ordinary temperatures. It is only the elec- 
trons which are not in the degenerate state which can partake in 
the equilibria discussed. On raising the temperature the degenera- 
tion of the electrons is decreased, and the increase in free electrons 
and possibly many of the unexplained facts of metallic conduction 
will be much clarified by this theory which has been proposed by 
A. Sommerfeld, (see page 329 Chapter XXVII). 

As a result of these phenomena we must now extend our Joule’s 
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law of heating to take account of the Peltier effect. The heat liber- 
ated in a circuit containing a junction if we include this effect is 
represented by the equation II = ± irit), tt is a constant 

called the Peltier coefficient. The equation gives the heat evolved 
for a quantity of electricity {it) when multiplied by 0.24 at each 
junction, the positive and negative signs applying to junctions where 
heating and cooling occur respectively. 

The laws of thermal E.M.F.’s are as follow: 

(1) The thermal E.M.F. for any temperature of the metal junc- 
tions is always the same, provided the metals used are sufficiently 
pure and in the same crystalline state. 

(2) For small temperature ranges, the thermal E.M.F. is propor- 
tional to the difference in temperature. This law leads to the thermo- 
couple, which is used in temperature measurement. 

(3) The algebraic sum of all the thermal E.M.F.’s in a circuit will 
give the total E.M.F. if the thermal E.M.F.’s are added with due 
regard to sign. 

64. THERMOELECTRIC POWER AND CALCULATION OF THERMAL E.M.F.’S 

Investigation has shown that the metals may be arranged in a 
series giving their relative thermoelectric power. This term, thermo- 
electric power, means the electromotive force per degree Centigrade differ- 
ence in temperature for a thermocouple made of the given metal and lead. 
Thus the thermoelectric powers of the metals are defined in com- 
parison with an arbitrarily chosen standard substance — lead. The rea- 
son why lead is used will become obvious later. On the basis of this 
definition we have the following list of thermoelectric powers. It 
must be emphasized, however, that these refer to specific samples 
of supposedly pure metals. Small traces of impurities may alter the 
thermoelectric powers so that the table may be completely different. 

Although the values of the powers are given as independent of 
temperature, the power actually does vary %mth temperature. Thus 
for iron, the thermoelectric power is given by the expression + 17.5 
— 0.048/, and for copper it is given by the expression + 1.34 + 0.01/. 
This is due to the fact that all metals but lead show an electromotive 
force when a temperature gradient exists in a wire. The history of 
the discovery of this fact is quite interesting. It is one of the few 
cases where thermodynamic reasoning has led to a new discovery of 
fact, though it serves a most valuable function in the systematiza- 
tion of physics. 

When the effects we are discussing were first observed and meas- 
ured, Lord Kelvin made a thermodynamic study of the circuit. 
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Thermoelectromotive Powers for the Elements at 20° C and as a Function 
OF Temperature / in Degrees Centigrade. 

(The standard metal in these couples is lead and the power is in volts per degree.) 


Element 

Power at 

20 


Power at /° 

A1 



0 

68 

X 

10 -« 

(- 

0 

76 + 0 0049/) X 10 

Au 


+ 

5 

0 

X 10 -« 

(+ 

2 

8+0 0101/) X lO-*^ 

Sb 


+ 

6 

0 

X 10^« 




Bi — fcommereial ) 


- 

07 

0 

X 

10-« 




Ri — (pure). 


- 

80 0 

X 

lO- 




Cd. . 



5 

48 

X 10 

f f 

2. 

6.1 + 0.04240 X 10 -* 

(^j 


-f 

1 

52 

X 

10-« 

( + 

1 

44 T 0 0094/) X 10 

Fe. . . 


4- 

16 

2 

X 

I0“ 

( + 17 

15 - 0 0482/) X 10 -« 

Ni— (-18- ('. to 

175° C}. 

- 

22 

8 

X 

10 

(-21 

8 - 0 0506/) X 10 -« 

Pt — (hard) 


-f 

2 

42 

X 

10 « 

( + 

2 

57 - 0 007/) X 10 « 

Pt — (malleable ) 


- 

0 

818 

X 

10 '• 

(- 

0 

60 - 0.0109/) X 10-« 

Pt — Ir alloy 


-f 

8 

04 

X 

10 

( + 

7 

90 + 0 0062/) X 10-s 

85% Pt-1 

I'- 









Pb 


0 





0 



Se ... 


+ 807 

0 

X 

10” « 




Ag. .. 



2 

41 

X 

10 

(4- 

2 

12+0 U7/) X 10*"« 

Steel. 


+ 

10 

62 

X 10 '• 

(+11 

27 - 0 0425/) X 10 - « 

Sn. . . 


- 

0 

.44 

X 

10 

(~ 

0 

44 4- 0 0055/) X 10-'' 

Zn... 


-f 

2 

79 

X 10 

( + 

2 

42 + 0 0248/) X 10--' 


P>om his Study of the effect he found that the temperature coefficient 
of the thermoelectric force could not be accounted for thermody- 
namically unless one assumed that there were other sources of electro- 
motive force in the circuit which were a function of the temperature. 
From this Lord Kelvin predicted that if one took a piece of copper 
wire and established a temperature gradient down its length one 
would observe, on passing a current through it, a heating on one edge 
of the temperature gradient and a cooling on the other. Following 
the prediction of Lord Kelvin the existence of this effect was actually 
verified, and it has been called after him, the Thomson effect. 

The fact that the thermoelectric power and hence the thermal 
E.M.F. varies with the temperature, and that the variation for each 
metal can be plotted as a function of the temperature, has led to a 
very ifigenious device for computing the thermal E.M.F. given by 
any couple as a function of the temperature.* Before proceeding 

* In fact since the E.M.F. E varies with t the only way we can handle the general 
problem is to choose an interval dt (in this case 1 ° C) so small that £ = P is sensibly 
constant and take the integral of dE,J* dE — j' Pdt = E over the temperature range 
considered. 
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with the diagram we might mention that the reason that the thermo- 
electric power was chosen in terms of lead was that lead is the one 
element which apparently does not vshow any variation in its thermo- 
electric effect with temperature, i.e., the so-called Thomson effect 
which Lord Kelvin discovered is zero in the case of lead. 

In I"ig. 52, we have plotted the thermoelectromotive poiver as ordi- 
nates against the temperature in degrees C as abscissae. In such a 
diagram lead is taken as zero and is parallel to the axis of abscissae. 



From the equation 
given for iron, the iron 
will give a straight 
line as depicted in the 
diagram. Aluminum 
will give another 
straight line which 
starts with a nearly 
zero value at 0° and 
slowly increases to 
500^. The two curves 
cross each other in a 


Ei(.. 52. — I'hcrnioelcrtromotivc Power against Tom- 
peniturc in Degrees C. ('I'hernioelec troniolive Power 
to be Multiplied by 10 


point K. The problem 
now arises to deter- 
mine the thermal elec- 


tromotive force given by an aluminum-iron thermocouple as a func- 
tion of the temperature from such a plot. ^/^ 

Assume that one of the junctions of the couple is at 0° C, and 
that the other junction is at a temperature for instance of 100° C. 
Were we dealing with a lead-iron thermocouple and were the thermo- 
electric power of the iron relative to the lead constant it would be 
represented by a straight line parallel to the axis of abscissae. If 
then, the thermoelectric power were 15 X 10“^ per degree at 100°, 
the electromotive force for one junction at 0° and the other at 100 
would be 100° X 15 X 10~^’’, that is, it would be equal to the area 
between the lead and the iron curve lying between 0° and 100°. Since 
the iron has a positive thertnoelectric power that is not constant with 
temperature^ but which decreases as temperature increa.ses, the elec- 
tromotive force given with a difference in temperature between the 
two junctions will be given by the area between the iron and lead 
curves between the temperatures of the two junctions. In other 
words, the electromotive force in the case of any junction of two 
metals will be the area included between the two curves and th^ 
temperatures of the two junctions of the thermocouple. 
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Returning now to the iron-aluminum couple, we see that the 
thermal electromotive force observed with one junction at 100° and the 
other one at 0° will be given by the area included in the quadrilateral 
DAB 17. If the thermal electromotive force at v330° were required it 
would be the area included in the triangle DK 17. It is observed that 
since the aluminum is more negative than the iron in this region, the 
E.M.F. will have the aluminum negative and the iron positive, and 
since in the triangle DK 17 the area is the maximum possible area 
with the iron positive and the aluminum negative relative to it, the 
point K should mark the maximum of the thermal E.M.F. curve as a 
function of temperature. The 0° junction has iron positive to aluminum 
by 17. At 500°, the iron is negative to aluminum by about 8 units. 
Thus polarity in the two junctions is now reversed and when we add 
these polarities to ob- 
tain the E.M.F. we see 
at once that the E.M.F. 
will be less when the 
temperature difference is 
500° and 0° than it was 
between 300° and 0°. 

Thus, in order to get the 
thermal E.M.F'. from 
the diagram at 500° we 
must take the difference 
in the areas of the tri- 
angles 17 KD and CKF. 

If we compute the cal- 
culated thermal E.M.F. 
for each temperature by 
taking the areas of the triangles or quadrilaterals formed by the two 
lines and the temperature chosen, one would find that the thermal 
E.M.F'. would lie on a curve which is a parabola. The vertex of this 
parabola would be at a temperature corresponding to the point K in 
the thermoelectromotive power diagram. A parabola such as would 
be observed is shown in Fig. 53. 

It is obvious in the case of the iron and copper that if one went to 
still higher temperatures than outlined, eventually the area of the 
right-hand triangle would become equal to or greater than the area 
of the left-hand triangle. This merely means that the thermal E.M.F. 
would not only drop to 0, but would become the reverse of what had 
been' observed for smaller temperature differences. 

The thermal E.M.F. which we have calculated by this ingenious 



21X) m 400 500 
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Fig. 53. — Thermoelectromotivc* Force of an A1 — Fe 
Thermocouple as a Function of Temperature with 
(old Junction at — 15° 




172 


THERMORI.ECTRICITV 


device of Lord Kelvin may also be calculated directly from the for- 
mula which expresses the same relation. The equation can be easily 
derived from a generalization of the geometry of the system. The 
E.M.F. is given by 


E 


P(t„ - tc) 



l(tii — / ) \ 
n - /c / 


In this equation P is the thermoelectric power in voli^ per degree C 
at tc for the couple, which is to be taken from the table for the two 
elements considered, n is the temperature of the neutral point K, 
and /// and tc are the temperatures of the hot and cold junctions 
respectively. By the neutral point n we mean the temperature at 
which the thermal E.M.I". reaches its maximum and begins to go 
down. It is the point at which the thermoelectromotive power of 
the metals becomes equal. 


65. USES OF THERMOCOUPLES 

Outside of its interest from a theoretical point of view, the thermo- 
electric effect is of great u.se to us in practical applications for tem- 
perature measurement. Practically all of our temperature measure- 
ments in the regions between and 1200° are made today by 
the use of the thermocouple. The thermocouple is nothing but a 
thermal junction of two dissimilar metals, one junction of which is 
kept at a constant temperature, generally that of melting ice, the 
other junction being at the place where temperature is required. 
The advantages of thermocouples are that they possess a small heat 
capacity, that they have an almost instantaneous response to the 
temperature because of their high conductivity and low heat capacity, 
that they can be inserted into positions inaccessible to ordinary ther- 
mometers, that if they are carefully calibrated they will give tem- 
peratures as accurately as we can measure the E.M.F., and finally 
that they can be made of metals which are sufficiently temperature 
resistant so that temperatures which one could not study with ordi- 
nary substances such as glass can be easily studied. For low tempera- 
ture work, combinations of copper and certain alloys are used such 
as constantan or as iron and nickel couples. F'or somewhat higher 
temperatures two alloys known as chromal and alumal are used. 
These are nickel-iron alloys containing chromium and aluminum. 
For very high temperatures thermocouples are made of platinum. 
Generally the couples consist of platinum and platinum iridium or 
platinum rhodium alloys. Such couples must be standardized by 
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measuring the thermal E.M.F. at the melting points of metals whose 
melting points are accurately known. 

Another use of the thermocouple is in the form of the thermopile. 
This merely consists of a group of thermocouples in series, the cold 
junctions all being fastened to a heavy cold block. The junctions 
to be warmed (i.e., the alternate junctions) are blackened and placed 
close together. This arrangement adds the E.M.F. of the separate 
couples and multiplies the effect of one couple. Thermopiles have 
been used together with a sensitive galvanometer mentioned in a 
previous chapter for measuring the radiation from stars. These piles 
are made of very fine metal strips and have a very small heat capacity. 
Another form of instrument of this type is the radio-micrometer due 
to Boys. This consists of a loop composed half of a fine nickel 
wire and half of a fine copper wire, the cold junction being fastened 
to a light metal bar suspended by a fiber as shown in Fig. 54. The 




hot junctions consists of the other ends of the wires welded together 
and coated with soot. This loop of the two dissimilar wires is sus- 
pended in a magnetic field. When radiation falls on the blackened 
junction a current flows through the system and a deflection results. 
With this instrument Boys detected the radiant heat of a candle at a 
distance of two miles. 

Finally, there is the ingenious device known as the thermal cross 
which measures small electrical currents, illustrated in Fig. 55. Two 
very fine wires, say of nickel and iron, are bent in the form of a cross, 
the center of the cross having the nickel wire either soldered to, 
welded to, or twisted around the iron wire. These wires are very fine. 
If a current passes through these wires, the heat at the junction pro- 
duces a thermal E.M.F. between nickel and iron which can be read 
by a galvanometer. As the heat can be produced by high frequency 
alternating currents which can not be read by a galvanometer, the 
method is used in the measurement of the very feeble alternating 
currents which are frequently encountered in radio. 




CHAPTER XIV 


STATIC ELECTRICITY I— CHARGES AND FIELDS 

66. ELECTRIFICATION AND ITS DETECTION 

As was stated in the introduction, electrification was known to 
the Greeks. It was later studied by Gilbert, physician to Queen 
Elizabeth. Gilbert found that besides amber and jet many other 
non-conductors when rubbed with other non-conductors were able 
to pick up light objects. Electrification therefore manifests itself 
by attractions, and it is only by a manifestation of the attractive and 
repulsive forces that we know of the existence of eleclrk'ity. It was 
later found that the forces between electrified particles are not only 
those of attraction but also that they are forces of repulsion. Shortly 
after Ciilbert’s time two kinds of electricity were discovered and 
named. They were typified by the electrifi- 
cation produced when a resinous substance 
like sealing-wax or hard rubber was rubbed 
with wool or cat’s fur, and when sub- 
stances like glass were rubbed with silk. 
The electrification obtained from resinous 
materials was called resinous electricity. The 

r T-i electrification obtained from glass-like sub- 
1*10.56. — Gold Leaf Elec- n i . ... 

troscope. stances was called vitreous electricity. Inves- 

tigation showed that two bodies charged 
with the same kind of electrification repelled each other, while 
two bodies charged with the two different sorts of electrification 
attracted each other. The repulsive force between two charges 
was made use of in the so-called electroscope which was early used 
to measure and study charges. In Fig. 56, B is a metal box with glass 
windows on two sides. IF is a wire passing through an insulated plug 
A consisting either of amber or sulfur. L is a small piece of gold leaf 
fastened to W at one point. When vitreous or resinous electrification 
is put on W the like charge which reaches L causes L to be repelled 
and to give a deflection which will later be seen to measure the elec- 
tric potential. It was found that, if we had an uncharged insulated 
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body and connected it by a metal wire to a charged body, the charge 
would travel along the wire to the uncharged body. This was called 
electrical conduction. The ability of electricity to move along conduc- 
tors differentiates it from magnetism in which the two magnetic 
entities appear in equal amounts and are fixed in the material in 
which they occur. The conductivity of electricity enables us to meas- 
ure experimentally the units of electricity and compare them much 
more accurately and easily than is the case for magnetism. 

67. ELECTROSTATIC INDUCTION 

If a charged body be brought near a neutral uncharged one, the 
uncharged body exhibits charges at its ends, as shown in Fig. 57^1. 




r'i(i. 57. — Charging by Induction. 


On the end nearest the charged body it has electrification of the oppo- 
site type; on the farther end it has electrification of the same type as 
indicated in the diagram of Fig. SI A. This phenomenon is known as 
induction. If the charged body be brought up to the insulated, 
uncharged body, then if this be touched by a conductor connected 
to earth, its contact next being broken, and the charged body removed 
from the neighborhood of the uncharged body, the uncharged body 
will now be observed to have a charge. The mechanism of charging 
by induction is simple and is easily understood by regarding the two 
diagrams of Fig. 57. In diagram ^4, the resinous electricity of the 
charged body a attracted a charge of the opposite sign on the near 
side of the insulated conductor b. The charge of like sign attempted 
to get as far away from the charged body as possible. Making con- 
tact between the uncharged body and the ground gave the charge of 
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the same sign as the charged body the opportunity of getting further 
away, as shown in diagram B of Fig. 57. On breaking the contact 
while the charged body a was near the insulated body the vitreous 
electrification could not return to b. Therefore, on removing the 
charged body a, the electrification of opposite sign to the charged 
body on the insulated body b remained and spread over the surface 
of the insulated body. Thus, we can charge one body with the elec- 
trification of opposite sign by liringing a charged body near it, touch- 
ing it, breaking contact and removing the charged body. This is 
known as charging by induction. It has very important consequences. 
One of them is that if the quantities of electrification produced be 
measured, the electrification of both kinds produced by induction 
in a body appears in cnjual amounts. That this must be so follows 
from the fact that before bringing the charged body near the uncharged 
body, the body b was as a whole neutral. 

68. ONE AND TWO FLUID THEORIES OF ELECTRICITY 

The phenomenon described above together with the conduction 
of electricity led Franklin to postulate a theory of electricity. He 
assumed that there was one electrical fluid * which he called positive 
electricity. It was identified with the vitreous electrification. Then 
there was another type of electrification whicli was the result of the 
removal of the positive electrical fluid from neutral bodies. Electricity 
was looked on as a fluid because it could move through a conductor. 
In contradistinction to the positive electrification the residual elec- 
tricity was called negative. At about the same period another theory 
of electricity had been put forward which was that both positive 
and negative electricities were separate fluids, then a neutral body 
contained equal amounts of the positive and negative fluids. Today 

* It is interesting to note that in the period during which these researches devel- 
oped, beginning with 1750 and extending well through the suc«eeding 150 years, 
there was a peculiar type of view point in the .study of matter. This view point came 
from the attempt to exj^lain the universe in terms of a mechanical system based on 
Newton’s laws. With this attempted “explanation” there developed, in order to 
solve the problems of motion involved, the mathemacical methods of the calculus. 
Because of the case with which problems could be handled by the calculus, which 
deals with continuously varying functions, the attempts to describe nature were all 
made in terms of concepts based on the continuous. Thus heat W'as supposed to be a 
weightless Iluid, as was the case with electricity. In fact it has been only since 1890 
that we have begun to realize the great importance of the discontinuous in physics 
and the era which has given us the atom, the electron, the proton^ and the quantum 
of energy is making us search hard for an adequate mathematical and physical system 
of representation of a world which we find to be made up of particles instead of con- 
tinuous fluids. 
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we know that in the sense of a single fluid the Franklin theory was cor- 
rect as regards metals. One of the types of electricity, the negative 
electricity, is today known to consist of minute particles (not a con- 
tinuous fluid), which are called electrons. Because (^f their small 
size and mass they are free to move. They then cofistitute the ''fluid'" 
postdated by Franklin but are negative in sign, and consist of parti- 
cles. The atoms of the matter, when the negative electrons are 
removed, are positively charged. They constitute the residual “nega- 
tive” charge of Franklin. Where the atoms and molecules are free to 
move as in liquids, we have electricity moving according to the tivo fluid 
theory. Hence, the bitter controversy which raged over this question 
was entirely futile and unnecessary, for both views have been shown 
to be partly right and partly wrong. 

69. CONSEQUENCES OF INDUCTION— THE ICE-PAIL EXPERIMENT 

The phenomenon of induction leads to several important applica- 
tions. The first one is the phenomenon of electrical screening. Sup- 
pose one place inside of a box a charged metal body, then on introduc- 
ing the charged metal body the elec- 
tricity of opposite sign will flow to 
the inside of the box tending to neu- 
tralize the charge placed inside. The 
electrification of the same sign as the 
charged body will flow to the outside 
of the box, and if the box be attached 
to earth will flow away. Thus, out- 
side of the box there will be no mani- 
festation of electrification, the electri- 
fication inside of the box neutralizing the field of the charge. 

This screening effect, so called, is proven by Faraday’s famous ice- 
pail experiment, shown in Fig. 58. In this experiment, the charged 
body A with positive electricity is brought inside of a metal cup C 
which is connected to the electroscope E. As a result of the positive 
charge, negative electrification will be drawn to the part of the cup 
nearest A. The positive electricity will then remain on E causing 
the leaves of electroscope to diverge. If now the positively charged 
body A be touched to the inside wall of the cup C and then removed, no 
change will be observed in the leaves of the electroscope. They will stay 
separated exactly as far as before. This means that the induced posi- 
tive charge on the electroscope is exactly the same as the charge that was 
communicated to the electroscope by A. Thus one sees that the charge 
on A was completely neutralized by the negative charge which resided 



Insulator- 


Fig. 58. — Faraday’s Ice-Pail 
Experiment. 
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in C, the equivalent of this in positive charge being given to E. The 
consequences of the ice-pail experiment are greater than they would 
seem at first sight, for besides leading to the phenomenon of screen- 
ing, they lead to a proof of the law of force between electrical charges of 
very great precision. Of this, more will be said later. 

70. USES OF INDUCTION 

Induction can be made use of for producing electrification. In 
its simplest form induction is achieved by the instrument known as 
the electrophorus. This consists of an insulating plate, for instance, 
of hard rubber which can be charged by friction. An insulated metal 
disc is brought as near as possible to the charged plate without making 
contact except at one or two points. The metal disc is then touched for 
an instant giving the electricity of the same sign as the charged ebon- 
ite plate a chance to flow off. The finger is then removed and when 
the metal disc is removed it will be found to be highly electrified. 
This electricity can be communicated to any system, the plate thus 
discharged, and being again brought near the charged ebonite can be 
charged again. Thus the process of charging and discharging can be 
carried on indefinitely with the same quantity of electricity on the 
ebonite. The energy for producing this electrification is furnished by 
the work of bringing the metal disc into the neighborhood of the ebonite 
plate and lifting it aivay against the attractive forces. Thus one does 
not get electric energy for nothing. In fact, the energy obtained 
this way under ideal conditions would be equal to the work done. 
Mechanical devices to perform this operation continuously, which 
store tlie electricity obtained in proper containers, have been invented. 
They are called electrostatic machines, and served in the early days 
as the only source of electrification. They were also used in the early 
days to get high voltages for x-ray work. Today, we have far more 
constant and efficient sources. 

71. QUANTITATIVE TREATMENT— COULOMB^S LAW 

Having discussed the qualitative facts of static electricity it now 
becomes necessary to take up the quantitative facts. As the phe- 
nomenon of electrification is characterized by attractions and repul- 
sions we regard electrification as being a manifestation of the action 
of forces. These forces differ from forces such as gravitation in that 
they are produced on bodies by different means. Forces of the type above 
described^ that are produced by frictional processes, by processes going 
on in chemical solutions, or by the action of magnetic fields on conductors, 
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we define as electrical forces. The only way in wliich we can measure 
electrification is in terms of such forces. It is therefore essential that 
we know the law of force acting between electrical charges and use 
this law to define our unit of electrification. Coulomb, 1785, nsin^ 
the torsion balance, was the one to formulate the laws of electrostatic attrac- 
tion and repulsion. Cavendish had also deduced this law at an earlier 
date (1762). As he did not publish his results, the credit has been 
given to Coulomb. Coulomb found that the force was proportional 
to the product* of the charges on the two bodies and that it was 
inversely proportional to the square of the distance. It was later 
observed that the force was inversely proportional to a constant of 
the medium in which the charges were immersed. This constant, 
designated by the letter D, is called the dielectric constant. More 
will be said of this in a later chapter. Symbolically we write this law 




Fig. 50 . — Modified Icc -Pail Experiment. 


In the above equation q and are the two charges and r is the distance 
between them, while / is the force. 

That the force varies inversely as the stpiare of the distance is 
further proven by the ice-pail ex- 
periment on the basis of the follow- 
ing reasoning. Assume that we 
have two concentric spheres as 
shown in Fig. 59, where A is in- 
sulated from B, which surrounds 
it except for a minute hole through 
which a wire W can make contact 
between B and A. If now B be 
charged and touched to A no 
decrease in the charge on B will be noted and no charge will appear 
on A. This result is closely similar to the one obtained in the ice-pail 
experiment, when the sphere produced no change in charge on being 
touched to the walls, but is more likely to be accurately verifiable 
than the cruder demonstration experiment. 

The experiment must be interpreted as meaning that there is no 
electrical force on electrical charges between the outer and inner sphere ; 
that is, a charge on the outer sphere exerts no resultant force on the 
inner sphere or on charges between the inner and outer sphere, as no 
electricity flows between A and B in either sense when connected 
together. This result is perfectly general for all spheres A and B 
so that it may be generalized to include any point within B. We can 
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j da cos Cf 




now idealize the situation by taking a point P at any place between 
A and B as in Fig. 60 and considering it alone inside the sphere B, 
We know that there was no resultant force on any charge at P due to 
the charge on B, as there was no change in the state of B on connecting 
B and any point P electrically. Draw through P a plane indicated 
in cross section by the line COD^ which passes through 0, the center 
of B. Then pass a plane EPF nerpendicular to COD through P, 

Two cones may then 
be passed through P 
in opposite senses 
and of equal solid 
angle These 

^ cones are repre- 
sented in section by 
X the two elongated 
triangles Px\ds\ and 
° Pxfi^^intensecting the 
spherical surface in 
the small surface 
elements represented 
in section by the 
lines ds\ and ds. It 
is seen by joining 0, 
the center of B, to 
the two ends of one 

Fig. 60. — Proof of Inverse* vSqudre Law fiom Ice-Pail sides of the 

Experiment. cone that the inter- 

cepted surface ele- 
ments ds and dsi make angles a = ai with the perpendicular lines //and 
//i, representing the right .sections of the two cones. The areas of 
the right sections represented by Ih and II are from geometry ri^do) 
and rVoj, where do) is the solid angle of the cone and n and r are the 
distances of P from the right .sections //i and II at one point of each. 

v^do) T\^do) 

It then follows at once that ds = and dsi = . Now if the 

cos a cos a 

charge had been uniformly distributed over the sphere B as we have 
assumed then let the surface density (number of charges per cm^) be 
0 * charges per cm-, and the charges on dsi and ds will be adsi and ads, 
rx^ado) r^ado) 

or qi = and q = . Now if a charge q 2 were placed at P 


it would be attracted, if Coulomb’s law is correct, by a force = 



QUANTITATIVE TREATMENT— COULOMB’S LAW 


181 


towards dsi and by a force / = ^ by ds, or in one sense by a force 

aori^odoi . . ^ ^ ^ c ^ Q2r^crdoj , . 

r _ — ^ other sense by a force / = . It is 

rrcosa cos Of 

obvious that these two forces are on this assumption independent of 
the values of n and r, and are equal. Therefore, the resultant force 
on a charge at P, on the Coulomb law which say that / is propor- 
tional to is 0, a fact that is borne out by observation. Since the 

cones were chosen completely at random as was the point P this rea- 
soning holds equally well for any other elements ds and dsi chosen 
lying on two sides of the line EPF and for any point within the sphere 
B. The conclusion which we draw, therefore, is that if Coulomb’s 
law holds there will be no force on a quantity P placed anywhere 
within sphere B acting to move it towards or away from 0 the center 
of B, Thus a charge on a wire between the spheres A and B would 
neither move towards A nor B as was observed to be the case. 

Had, however, the law of force been / = where n could have 

r 

a value different from 2, the reasoning would have lead us to the 
conclusion that 

and/= or/i and/=(? 2 (T</a? 

If then n were greater than 2, fi would have been less than / since 
would have been greater than r”““, as ri is greater than r for all 
cones through P for all points P, Hence if n is greater than 2 the posi- 
tive charge on B would move towards A , or there would have been a 
resultant force towards the center 0. If n is less than 2, and 

have negative exponents and /i will be greater than /. Thus in 
this case the positive charge would have moved from A to P, i.e., 
away from the center 0. As a result of measurements which are very 
sensitive to small changes in potential for A while the value of a on 
B is very great we can show that n has the value 2 to better than one 
part in many millions. 

The essential notion in this proof is simple in that if we can choose 
conditions for test which are simple, i.e., concentric spheres where 
calculation is very simple, then as the area of the surfaces intercepted 
on the sphere by the cones drawn through any point P and hence the 
charge on these surfaces are in direct proportion to the squares of the 
distances from the point P, there must be a resultant force on P 
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towards or away from the center of the sphere unless the law of force 
between the surface charges and the point varies inversely as the 
square of the distance. This reasoning shows that the only law of force 
compatible with the fact that a charge inside of a conducting body exerts 
no force, is the inverse square law of force. The experimental proof of 
tlie extent to which this law holds was due originally to Bertrand, 
Maxwell, and Faraday. The latter went inside a conductor charged 
to potentials of hundreds or thousands of volts with the most sensi- 
tive electrometer available and discovered no field inside the conduc- 
tor. The above mentioned experiment establishes the inverse square 
law very accurately for fields of considerable magnitude. The range 
of distance between bodies over which the inverse square law has been 
ol)served to hold is enormous. It holds, as far as we can tell for dis- 
tances of several meters, and the recent experiments of Rutherford 
on the deflection of rapidly moving positively charged atoms of helium 
by the positive nuclei of the elements has proven that this law holds 
true within one percent down to distances of 10 cm. Beyond this, 
tlie law ceases to hold and these dimensions are supposed to indicate 
the order of magnitude of the diameters of the units of electricity, 
the electrons and nuclei. 

Returning now to the expression for the force given above, if we 
let q eriual q\ a result easily achieved, for instance, by touching two 
charged spheres of equal size together, we have 

<7 =>/^. 

when D * equals 1. (Actually D is unity for empty space only. In 
air, however, it is so near to 1 (1.0006) that we can call it unity.) We 
now say that q equals 1 electrostatic unit of electricity when r equals 1 cm 
and f equals 1 dyne. This gives an arbitrary definition of unit electro- 
static-quantity in terms of the force produced at the unit distance, as is 
shown by the value of the charge on the true unit of electricity whose value 
is 4.77 X 10“^^ of these electrostatic units. 

In words, we can define the unit quantity of electricity on the 
electrostatic s>'stem as the quantity of electricity which repels an exactly 
equal quantity of electricity at a distance of 1 cm with the force of 1 dyne 
{in vacuo). 

It is seen that this unit is small, for a dyne is a weak force. The 
electrostatic unit of quantity might then be expected to be less than 
the electromagnetic unit of quantity, and in fact 1 electromagnetic 
unit of quantity = 3X10'® electrostatic units of quantity, and one cou- 
lomb equals 3X10® electrostatic units of quantity. 

* The question of the dimensions of D is treated on page 69 . 
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72. DEFINITION OF CURRENT IN THE ELECTROSTATIC SYSTEM 

We have now defined the quantity of electricity in terms of the 
electrostatic system of units. This enables us at once to Uvse this 
concept to define current in terms of the electrostatic system; that is, 
to define current in terms of a new set of phenomena. In the elec- 
tromagnetic system, we defined current by the magnetic field pro- 
duced and defined quantity of electricity as current times the time. 
Now, we are able to define quantity in the electrostatic system with 
great ease. The magnetic efifects of the usual currents obtained by 
static means are, however, far too small to detect and measure ac('u- 
rately. That a current from an electrostatic generator causes a mag- 
netic field can be easily proven experimentally. Since the unit of 
quantity in the electrostatic system is very small, the unit of current 
(quantity per unit time) is also .small so that this unit is not convenient 
as a means of evaluating currents that are ordinarily measured in the 
laboratory. It is accordingly rarely encountered except where very 
small currents of electricity are involved. Current, on the electrostatic 
system, as indicated above, is merely defined as the quantity of electricity 
which has been transported divided by the time taken to transport it. 
Symbolically, it is 


If q is one electrostatic unit, and / is one second, ia is one absolute 
unit of electrostatic current. It is related to the electromagnetic 
unit of current in that it is 

1 

3 X 10*^* 

electromagnetic units, or 1 E.M.U. of current = 3 X 10'® E.S.U. of 
current. The significance of the value of this ratio has been shown in 
Chapter III. The ampere is accordingly 3 X 10® E.S.U. of current. 

73. DEFINITION OF ELECTRIC FIELD STRENGTH 

It is obvious, therefore, that with a charged body, there is at any 
point in space surrounding it a force manifested on another charged 
body placed at that point. We can thus say that the charged body 
has a field of force about it. Again, in electricity as in magnetism, 
the intensity of this field of force at a point is represented by the force 
in dynes which would be exerted on a unit positive charge placed at that 
point in the field. Thus electrical field strength Fat a point is defined 
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as the force per unit charge placed at that point.* Such a force has 
magnitude and direction. It is therefore a vector quantity. We can 
consequently determine the force at any point in the field due to a 
number of charges by adding vectorially the separate forces produced 
at that point due to the separate charges. Again, as in magnetism, 
we may map the field of force and conventionally we represent the 
unit field as a field having one line of force per cm- of area taken perpen- 
dicular to the direction of the field. That is, a field of force which would 
act on a unit positive charge at a point with a force of 1 dyne will be 
represented by 1 line of force per cm^. 

One cm from an isolated charge q, the force on a unit charge is 
q dynes, that is, the field at 1 cm distance is q dynes in strength. Since 
a spherical surface surrounding the charge at 1 cm is 47rcm^ there will 
be ^irq lines of force emerging through the surface; that is, a quan- 
tity of electricity q sends out Airq lines of force. 

* In the case of the field due to an isolated charge q, Coulomb’s law says that 

qq' 

the force / on a charge q' distant r cm is / == — ir-. The field F is then given by 
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74. DISCUSSION OF POTENTIAL IN THE ELECTROSTATIC SYSTEM 


We now come to a new unit in the electrostatic system. We 
showed in the last chapter that at any point in the neighborhood of 
an isolated charge q there is a h)rce on another charge g. Accordingly 
about a positively charged body q at Q there is a field of electrical 
force surrounding the charge r/. Suppose 
we have a quantity of electricity q' at a 
point A in the field of q and assume that 
7' is positive, as shown in Fig. 61. Let 
us move + 7' from A to another point B 
nearer Q. Since the force Is one of repulsion, we must do work on the 
charge + 7' to move it. Now, since the strength of the field at a 
point distant r from a charge q is 


q{^ 


"V 

b 


— 5L. 


Fi(i. 61. 


A 




the work done in moving a quantity 7' a distance dr from A toward B 
is given by 

dw = force X distance = Fq'dr — ~^dr, 

r- 


Thus the total work for all elements of path dr in going from A io B 
is given by 


H’.„. -j/w. - i). 


If 7' were equal to unity, this would be the work done to bring a unit 
positive charge from A to B, or the work done to move unit positive 
charge from one point to another in the field. But the work to move 
unit charge from one point to another in the field was called the poten- 
tial difference between the two points when we were discussing the 
electromagnetic system. Therefore, the potential difference in the 
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electrostatic system between the points A and B, distant from a 
charge q by the distances a and b respectively, is 

- ’(I - a)- 

It is to l)c noted that this is the potential difference between the two 
points. If a had been infinity, 1/a would have l)een 0 and the poten- 
tial at B would have been q/b. This latter potential is allied the 
absolute f)olential of the point, for it is the work done to carry a charge 
up to the point in question from infinity. In general, we measure 
potential difference and not absolute potential, as we have no point of 
reference other than that of the earth, and we do not know the abso- 
lute potential of the earth. In fact, we arbitrarily call the potential 
of the earth 0. 

The use of potential has certain great advantages. In general, 
potential P is given by 



where F is field strength and dr is an element of length in the dire('- 
tion of the field; that is to vsay, the absolute potential of a point is the 
integral of the field strength over each element dr of the path times 
the length of the element dr taken from infinity up to the point. 
Because of the relation which is quoted we can reciprocally write that 

dP 

the field strength F = — at any point in question. Thus field 

dr 

strength is the derivative of the potential along the line of the acting 
force at the point in question, or better, it is the rate of change of pote7i- 
tial with the distance at the point in question. Thus, the units used in 
designating electrical field can be expressed in terms of units of poten- 
tial difTerence per unit of length. The most commonly used unit for 
electrical field strength is the volt per cm. Fields are sometimes also 
spoken of in electrostatic units of potential per cm. Now, a study 
of the dimensions of potential would show that it is a scalar quantity, 
that is, that it has magnitude but is in no sense dependent on direc- 
tion. Force is a vector quantity. Consequently, the addition and 
the mathematical treatment of forces due to charges involves the 
complication of vector quantities. For many problems, it suffices 
to carry through the calculations in terms of the potentials and then 
from them to derive the forces by differentiation. Like forces, the 
potentials at any point are the sum of the separate potentials due to 
the separate charges acting at that point taken with due regard to 
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sign. It is therefore obvious that the knowledge of these relations 
is of considerable importance and may serve to simplify many other- 
wise difficult problems. 


75. UNIT OF POTENTIAL DIFFERENCE DEFINED 

We regard potential as being positive when it takes work to bring 
a positive charge to the point in question from infinity. The unit of 
potential difference is defined in terms of tlie work it takes to bring 
unit f^ositive charge from a point A to a point B between which the 
potential difference is sought. If we are dealing with the electro- 
static system, the unit of potential difference in the electrostatic system 
is the potential difference which requires that one erg of work he done 
wheyi a unit positive electrostatic charge is brought from one point to the 
other against the existing field. 

Now, the electrostatic unit of quantity is a small quantity of elec- 
tricity in comparison to the electronuignetic unit, as we have seen. 
To transport such a small unit against a field and e.xpend an erg of 
work in doing so requires that a fairly high potential difference exist. 
It is, therefore, not surprising that this electrostatic unit of potential 
difference should be fairly high. The practical unit which was chosen 
as the volt is of ayi electrostatic unit of potential difference^ for the 
electrostatic unit of potential difference happens to be ^ X. 10^^ electro- 
magnetic units of potential. 

Returning now to the question of the potential we notice that the 
potential about an isolated charge ^ at a distance r is equal to q/r. 
It is obvious that as long as r is constant and q is constant the poten- 
tial is constant. That is, the potential over the surface of a sphere 
of radius r drawn about ^ is a constant and is determined by r and q. 
We call such a surface an equipotential surface. This means a surface 
over which the potential is constant. If the potential is constant over 
a surface it means that we can move a charge from one point to another 
along the surface without doing any work, because potential refers 
to the work done in moving the charge. Furthermore, this means 
that the force is everywhere perpendicular to the equipotential sur- 
face. For were it parallel to the surface, or did it have a component 
parallel to the surface, then in moving a charge from one point to 
another along the surface work would be done against this component 
and the surface would not be equipotential. 

A surface of metal, being a conducting surface, allows the charges 
to move freely and arrange themselves in such a manner that there 
is no force parallel to the surface, for as long as there is a force parallel 
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to the surface, the charges will move. Thus, when the charges have 
come to rest on the surface the surface must be equipotential. Hence 
the potential of an isolated conducting positive sphere of radius r, 
carrying a charge of + 5 infinitely distant from any other charges, 
is qjr. 

Another important fact to be taken account of is that the work 
done in carrying a charge between two points in an electrical field is 
independent of the path. If work were not independent of the path 
in going from one point A to another point B, then we could arrange 
such a cycle that in going fn)m A to B we took a path of less work, 
and in going back from B to A we took a path of greater work. If 
one had performed such a cycle one would have gone around the 
path AB and gotten more wwk in going from B to A than one put in 
in going from A to B. One would thus get energy at the expense of 

nothing, which is c'ontrary to the first law 
of thermodynamics. Another way of 
proving this would be to choose any par- 
ticular path in going from A to B which 
one wished (see Fig. 62). If then one took 
the components of the path parallel to the 
field or the components of the path normal 
to the equipotential surfac:es between the 
two points and added them up one would 
find that the sum of these normal com- 
ponents would be equal, independent of the path chosen. But these 
normal components represent the components along which work was 
done in going from one point to the other. Therefore, the work done 
in going between the two points is independent of the path. 

76. CHARGE DENSITY AND ITS CONSEQUENCES 

There is one other important concept which may be used. Assume 
that we have an electrified surface such as the surface of a charged 
metal sphere. We can look at the electrification as residing on the 
surface and we know that this electrification consists of individual 
units of electricity distributed over the surface. We then speak of 
the surface density of charge^ by which we mean the number of units 
of quantity per cm^ of surface. The concept of surface density is 
sometimes useful in the treatment of problems. 

An isolated sphere, for which the curvature is uniform, will have 
a uniform distribution of charge over its surface. In fact, the field 
about the spherical charged conductor is also uniform. In other 
bodies this will not be the case, as we shall see. 



Li(.. 62 . — Proof that Work is 
Iiulcpendent of Path in a l^o- 
tential Kidd. 
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For the case of the conducting sphere of radius r, since the surface 
is an equipotential surface, we can draw" some further important 
conclusions. Suppose we have <t charges per cm- on the surface of the 
sphere. The number of lines of force emerging from this surface will 
be 4:ir(r per cm-. This at once enables us to calculate the field close 
to the surface of the conductor as 4 t(t, for there are 47r<T lines of force 
leaving the surface per square cm normally. 

Since there are 4T(r lines emerging per cm- from the surface, the 
total number of lines of force leaving the sphere will be 47rcr(47rr-). 
If now" w’e consider that the charges are concentrated at the center 
of the sphere and consider the sphere removed, we wa)ul(l find that 
the spherical surface of radius r about the point where the charge is 
concentrated would have emerging from it a total of 47r((r47r/'-) lines 
of force and the number of lines per square cm emerging through the 
surface of the sphere of radius r would be exactly the same as was the 
case with the conducting sphere of radius r. We can accordingly 
in the treatment of problems consider a charged conducting sphere 
as being replaced by a point charge with the fo/a/ quantity of elec- 
tricity on the surface of the sphere concentrated at the center of the sphere. 
As can be imagined, such a treatment of spheres may simplify many 
calculations such as those of forces due to charged conducting spheres. 

Again the simple conditions existing for the case of the surface 
of a charged sphere can be applied to the study of other surfaces. 
Any curved surface can be more or less closely approximated, at a 
given point, by the surface of a sphere of appropriate radius. A 
charged equipotential surface of any curvature can for a small frac- 
tion of its area be approximated to the surface of a conducting sphere 
having the same radius of curvature. Since we know the potential of 
the surface of a charged conducting sphere of given radius as well 
as the field strength close to the surface if the charge density is given, 
we can apply this knowledge to evaluating the potential and field 
strength at any point near the surface of a charged body if the radius 
of curvature of the approximating sphere at the point is known. 
Reciprocally, knowing the radius of curvature of the approximating 
sphere and the potential or field strength at the surface we can cal- 
culate the surface density of charge for any curved conducting sur- 
face of equal radius of curvature. 

An interesting illustration of the use of the concept of surface 
density is furnished by an electrified metal body of a shape such that 
the curvature of the surface at one end is very different from the 
curvature of the surface at the other, as shown in Fig. 63. If we 
measure the surface density at the various points of the surface of 
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this body, we will find that at the very sharply curved portions of 
the surface, the density, that is the charge per cm^, is very much 
higher than at the Icvss sharply curved portions. This fact can be 
shown experimentally by touching a small conducting body which 
is insulated, a proof plane, to the different portions of the surface, 
and by means of this body picking up a portion of the charge at the 
point touched and transferring it to an electroscope. The electro- 
scope will take on a charge proportional to the quantity of electricity 

picked off from the surface by the 
proof plane provided that the area 
of contact of the proof plane with 
the surface was the same at each 
point of contact. The charge taken 
from the pointed end of the con- 
ductor will be observed to be far 
greater than the charge taken from 
the blunt end. The explanation 
of this phenomenon is as follows. 
Since the curved portion of the 
surface can be approximated to that of a sphere of appropriate radius, 
the potential of a curv^ed conducting surface is equal to the quantity 
of electricity on it divided by the radius of curvature of the 
approximating sphere, 

V = g/r. 



t'lG. 63. — Surface Distribution of Charge 
on an Irregular Conducting Surface. 


Now, the potential V over the surface of a conductor j no matter what 
its curvature, or whether the curvature be constant, is a constant. 
Conseciuently, in order that V be maintained constant over the sur- 
face, q must vary as r varies. That is, q must be proportional to r. 
But the charge density is by definition q/A, where A is the area; 
that is, the charge density will be proportional to 1/r-, for a spherical 
surface, q is, however, proportional to r\ thus q/A is proportional 
to r/r- or 1/r. The surface density q/A^ or charge per unit area, is 
inversely proportional to the radius of curvature. Accordingly, ii 
we have a surface with a small radius of curvature, that is a pointed 
surface, the charge density wall be very high, while for a blunt surface 
the charge density will be very low. The high value of charge densi- 
ties at points makes the fields in the neighborhood of points very 
intense, for F = 4^0-. The intensity or field F becomes so great in 
the neighborhood of a needle point that the very few electrons exist- 
ing freely in the air (alx)ut one in 10^® molecules), are acted on by 
sufficient forces to cause them to tear air molecules apart, producing 
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more ions and electrons. The process by which electrons generate 
ions in colliding with molecules is called ionization by collision and 
is briefly discussed in Chapter XXVI. The electrons and positive 
or negative ions are either repelled or attracted in the field, depending 
on whether the point is positive or negative. The result is that the 
field repelling either negative or positive ions will set the air in motion 
because the ions in moving through the air take the air with them, 
on account of the viscous drag of the air molecules on the ions. The 
result is that a current of air will be set up in the intense ionization 
produced by a high field around a point. The currents of air so pro- 
duced are sufficient to cause marked mechanical effects, such as the 
blowing out of a flame or the spinning of a pin-wheel. 

77. THE ABSOLUTE ELECTROMETER 

The definition of difference of potential given on page 97 enables 
us to measure the potential in absolute value in terms of electrostatic 
units of potential. If the ratio of the electrostatic unit and the elec- 
tromagnetic unit of potential 
is known we need not depend 
for our knowledge of poten- 
tial on the heating measure- 
ments used in the electro- 
magnetic system. The 
instrument used for the pur- 
pose is called the absolute 
electrometer. In Fig. 64, 
we .see two parallel circular 
plates. The upper one has been cut so that it is formed of two 
parts, an inner disc and an outer annular disc with a very minute air 
gap G separating the two. The inner circular disc of the upper system 
is fastened to the arm of a very sensitive beam balance B. If, now, the 
balance, the upper plate and annular ring be grounded and attached 
to one side of the source of potential while the other insulated plate K 
be attached to the other source of potential a force of attraction will 
exist between the two plates. It will be necessary, therefore, to 
change the weights on the balance pan p to counteract the attractive 
force. 

Call A the surface of the central upper plate, call d the distance 
between this plate and the lower one. If, now, (t is the charge den- 
sity, that is, the number of units of charge per cm^ of the plate, the 
total charge q on the plate of area .4 is ^ = Aa. The total number 
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of lines of force is ecjual to Arrq = AirAa. Now, between such plates 
with an annular disc, which is called a guard ring, the field is uniform. 
A uniform field means that the lines of force run parallel and are 
perpendicular to the plates carrying the charges. The value of the 
field strength of such a field is the number of lines per cm^, or F — 

In Starling’s “ Electricity and Magnetism,” page 132, it is proven 
that the force per cm- on a surface with a charges per cm^ (or a charge 
density o-), in a field F is given by the expression 



That this must be so follows from the fact that inside the charged 
conductor the field is 0, i.e., a charge <t would experience no force 
inside the surface. On the other hand, outside of the surface the 



Fki. 65. — I’so of a ( iiianl Ring (o Obtain a I'nifonn l''icl(l,ji 


field F ecpials 47ra- \'ery close to the surface, and a charge c experiences 
a fon e Va or 4Tra-. A ('barge a exactly on the surface must have a force 

* To simplify our conditions where the study of quantities varying with electrical 
field strength is concerned we freciuently resort to the use of the field produced by a 
pair of parallel plates whose linear dimensions are great compared to the distance be- 
tween the plates. If occasion demands a small area of one of the plates, as is the case in 
the absolute electrometer with the plate d, the guard ring can be utilized for extending 
the area of the plate and maintaining the uniform field. The reason for the existence 
of a uniform field under these conditions lies in the fact that the greater majority of 
the charges arc distributed on the inner surface of the plates facing each other. 
Under these conditions the lines of force run straight across from one plate to the 
other normal to (he plates e.xcept near the edges, as seen in Fig. 65. In order to 
maintain the proi)er distribution of potential the charges will arrange themselves as 
uniformly as pt)ssil)le on the surfaces of the plates at some distance from the edges. 
The result will be that the lines of electric force run perpendicular to the plates and 
parallel to each other, except near the edges. The number of lines of force crossing a 
scjuare centimeter of area between the plates A and K is, therefore, quite constant 
over the distance d between the plates, and Fthe field strength does not vary in going 
from A to K. Such uniform fields are very useful in eliminating one of the many 
variables in experimental investigations, namely, that of a changing field. 


GOLD LEAF ELECTROSCOPE 


193 


intermediate between 0 and <t acting on it as a result of a field 

F<t 

F = 47r(r, which is (27ro')a- or — . 


Therefore 


/i = = 


Stt* 


Again the potential difference between the plates, PDak, is 


PDak 



Fdr = F(K - yl) - Fd, 


where d is the distance 7v — yl between the plates. 
Therefore 


F = 


PDak 

d 


This at once gives us the total force Ja on plate A as 

F- 

Ja =fiA = --A, 

Accordingly 

f _ {PDak)- a 
d'^ Stt 

or 

PDak = 

Since we can measure /a, the electrical force, by the weights added 
to balance, and since we know A and d accurately, PDak, the poten- 
tial difference, is given accurately in absolute electrostatic units. 


78. GOLD LEAF ELECTROSCOPE 

Frequently, for experimental work, we use a more convenient 
instrument known as the gold leaf electroscope for measuring the 
potential difference. Instruments fitted with a pivoted aluminum 
needle and a vertical support, similar in form to the gold leaf electro- 
scope, only more robust, are also often used for rough potential mea- 
surements. They are known as the Braun electrostatic voltmeters. 
Such instruments must be calibrated in terms of the absolute electrom- 
eter or other potential measuring devices. 
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In the gold leaf electroscope, a gold leaf L, Fig. 66, is fastened to 
one plate .4 of a parallel plate condenser system. The plate A to 
which it is attached is insulated and connected to the source of poten- 
tial to be measured. The other plate B is grounded or attached to 

the other side of the circuit. There is then a 
field F between A and B which, if it were not 
distorted by the gold leaf, would be given by 
PDab 



d 


where d is the distance between A 


and B, The charges on the leaf q' act in F 
to produce a force / = Fq\ driving the leaf 
from A to B. This is counteracted by the 
force of gravity acting downward to 
cause it to move towards A, The leaf will 
then take on an equilibrium position, mak- 
ing an angle 6 with A roughly given by 

f f>i ad 

- = tan 0. Thus PDab — - ~ tan and 

q 

one has the deflection dependent on the potential. Such an instru- 
ment, needless to say, must be calibrated to read volts. 


I'lG. 66. —Principle of the 
Gold Leaf Electroscope. 


79. QUADRANT ELECTROMETER 

A third important instrument for measuring very small differ- 
ences of potential is the quadrant electrometer. In Fig. 67, the 



Eig. 67. — The Quadrant Electrometer. 


object ABCD is a cylindrical brass box with top and bottom, which 
has been sawed into four equal quadrants. A, B, C and D, so that 
each quadrant is separated from its neighbor by a small gap. A, 5, 
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C and D are each mounted on amber insulators EE and the opposite 
quadrants A and C, and B and D are connected together. A very 
light conducting needle, the shape of which is shown in the diagram 
as N, is suspended inside the cylindrical box with the upright sup- 
port at its center passing through the hole II in the center of the 
quadrants. The needle is charged to 100 volts or so by the conducting 
suspension, generally a silvered quartz fiber, and insulated from the 
quadrants. The stem 5 carries a light mirror M by which the deflec- 
tion of the needle can be read by telescope and scale. One pair of 
quadrants is grounded (i.e., at zero with reference to the needle); the 
other pair is connected to the .source of potential to be measured. 
When a P.D. is applied between AC and BD, the needle is attracted 
or repelled by the quadrant pairs in a sense depending on the sense of 
the P.D. and the potential on the needle. Thus the needle suffers 
a torque and the suspen.sion is twisted through an angle roughly pro- 
portional to the potential difference. The whole instrument must 
be covered with a grounded .screening case, and all leads to the sensi- 
tive quadrant must be screened with grounded shields. Some elec- 
trometers will deflect a beam of light so as to displace the spot of 
light reflected from the mirror on a scale at one meter’s distance by 
10,000 centimeters for 1 volt P.D. and have a period of only 30 sec- 
onds. The screening is necessary to avoid disturbances due to the 
induced static charges caused by charged objects in the room. The 
deflection is proportional to the potential under some conditions of 
operation, but the instrument needs calibration in terms of a known 
potential difference, which can be accomplished by the use of the 
potentiometer and a standard cell. For alternating potentials the 
needle and one pair of quadrants can be joined to one terminal, the 
other terminal and the .second pair of quadrants being grounded. 
This connection is called idiostatic and letids to deflections propor- 
tional to the sejuare of the potential difference. 
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STATIC ELECTRICITY III— CAPACITY 

80. DEFINITION OF CAPACITY AND THE UNITS OF CAPACITY 

Wi: are now in a position to define a new derived unit. This derived 
unit becomes more prominent in the electrostatic system of units, 
although it occurs as well in the electromagnetic system of units, 
especially where currents varying with time occur. The reason for 
its importance in the electrostatic system is two-fold. In the first 
place, we deal in static electricity largely with the quantity of elec- 
tricity and not with the current. Furthermore, the measurement of 
small (juantities of electricity and of the weakest currents is achieved 
in a great many cases by the use of this new unit together with a 
measurement of the change of potential. 

When we speak of the capacity of a tank for holding water we use 
the expression indiscriminately in two senses. In the more general 
use we mean by capacity the total quantity of water which the tank 
can hold. More properly, assuming the tank to have vertical sides, 
we can ihse the expression to denote the volume contained per unit 
height of water in the tank. Thus the term capacity in the latter 
sense could be defined as the quantity of water divided by the level 
to which it fills the tank, or the quantity divided by the potential. 
This definition makes the capacity independent of the height of the 
tank and defines the cai)acity in terms of its influence on the flow 
of water from the tank, i.e., the potential or head of water. With 
this definition the total capacity in the general use of the word would 
be limited only by the pressure which the tank could stand without 
bursting. 

In dealing with electrical circuits and systems, the potential of a 
body is of first importance. It is therefore not strange that electrical 
capacity should be defined in analogy to the second sense above 
mentioned for the storage of water; that is, it is not unexpected that 
electrical capacity should be defined as the quantity of electricity 
required to be placed on a system to raise its potential by unity. 
The usage in this sense is also the more natural as unlike water tanks, 
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where special construction is needed to allow one to reach potentials 
or depths such as to approach breakdown, electricity can be added 
to a system without added construction until the breakdown point 
of the insulators is reached. Thus the total quantity stored in an 
electrical capacity is limited only by the breakdown strength of the 
insulating material, while in general this is not so in water tanks. 

Choosing therefore the second use of the term capacity mentioned 
in speaking of water tanks, the analogy between the behavior of 
electricity and water used before is strictly maintained and applicable, 
and we have a definition of our new derived unit in terms of the ratio 
of the two chosen fundamental units, quantity and potential. We will 
thus define the capacity of a system in electricity as the quantity of elec- 
tricity necessary to change the potential a given amount. It is obvious 
that the greater the quantity needed to raise the potential by this 
amount, the greater will be the capacity for holding electricity. Sym- 
bolically, the capacity C is given by the equation 


Here q is the quantity and P,D. is the potential to which it is raised 
above some reference body. 

In the electrostatic system the unit of electrostatic capacity of a con- 
ductor is the capacity which requires 1 electrostatic unit of quantity to 
change the potential by 1 electrostatic unit of potential. We must find 
the value of this unit from dimensional reasoning. 

We found that the quantity 

q =Vfr'^ 

where / is the force between the two eciual charges q and r is the dis- 
tance between them. Thus dimensionally 

q in the electrostatic system. 

Again potential 


P.D. 


Work 

Q 


Therefore 


~-7=======, in the electrostatic system. 


= pfe = ^ the electrostatic system. 


Therefore, the electrostatic unit of capacity has the dimensions 
of a length. Since q and P.D. in absolute electrostatic units are in 
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terms of the absolute C.G.S. system, the C.G.S. electrostatic unit of 
capacity is the cm. 

That capacity has the dimensions of a length can be shown by 
considering the capacity of a sphere. The potential of a conducting 
sphere infinitely far away from any other charges was given as g/r 
(page 190), where r is the radius of the sphere. C therefore is 

- = r, which is a length. 
r 

In electromagnetic units, the unit oj capacity is the capacity which 
requires one electromagnetic unit of quantity to change the potential by 
one electromagnetic unit of potential. It is seen that since the electro- 
magnetic unit of ciuantity is a very large (iiiantity and the unit of 
P.D. is a very small (piantity, this unit of capacity must be a tre- 
mendous unit. In terms of the practical system, the unit of capacity 
is amperes times .seconds divided by volts, or 

coulombs () 

volts V 

I'liis unit is called the farad. Therefore C (practical) eciuals 
coulombs 

~ farads. 

volts 

Now 10 coulombs ecpials an absolute K.M.H. and one volt = 10^ 
absolute K.M.U. Therefore, one unit of capacity in absolute E.M.U. 
is equal to 


practical units of capacity. Again the volt is noci of an absolute 
electrostatic unit of potential and the unit of quantity in the elec- 
trostatic system is 

1 

r>rio^ 

absolute E.M.U. of (juantity, therefore 

C in E.M.U. = - — = 9 X lO^o Cin E.S.U. 

3 X 10‘^' 

Thus, unit capacity in electromagnetic itnijts is 9 X 10^° cm. 
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The practical unit of capacity, the farad, is so large a unit that it 
is impractical to use it. Most capacities used in experiments and 
industrial work are of the order of 1/1,000,000 of this. This leads to an- 
other unit. It is called the microfarad; that is, tlie microfarad is 10“^ 
farads = 10~^ X 10“*-^ = lO"^**^, absolute electromagnetic units. The 
microfarad is therefore 9 X 10^ absolute electrostatic units. Or, the 
microfarad = 900,000 cm. In static electricity and for high fre- 
(luency radio oscillations capacities are sometimes given in ems, 
otherwise capacities are given in microfarads, or micro microfarads, 
i.e., 10~® microfarads or 10“^- farads or 0.9 cm. 

81. CAPACITIES OF SPHERICAL, PARALLEL PLATE AND CONCENTRIC 
CYLINDRICAL CONDENSERS 

Having defined the units and given their relative magnitudes, we 
may now turn to a study of capacities in various electric'al systems. 
It will be seen at once from the definition we have given of capacity 
that capacity is a derived unit analogous in this respect to resistance 
in the electromagnetic system. Resistance was derived as the ratio 
between current and potential, the tw^o fundamental (luantities in 
current electricity. Resistance was shown to be a characteristic of the 
particular system used. Likewise, capacity is the ratio between (juan- 
tity and potential which are the fundamental cpiantilies of impor- 
tance in the electrostatic system. As will be seen, this property is 
again a property of the conductors 
and their positions in space. 

Let us calculate the capacities of 
various standard condensers. 

(1) Concentric Spheres. — In the 
system shown in Fig. 68, there are 
two concentric spheres of radii A and 
B separated from each other and in- 
sulated, with all substances removed 
from between the plates, including 
air. The outer sphere of radius B is 
connected to the earth E. The inner 
sphere is connected to the battery or source of potential whose other 
terminal is also connected to the earth. In making the connection 
assume that we have placed a quantity + ^ on the inside sphere. A 
quantity — q runs from the earth to the inside of the outer sphere. 
The potential of the sphere of radius A is by Chapter XIV equal 
to g/A ; that throughout the space inside of J5, due to the charge 


-f 



Fig. 68. — The Spherical Condenser. 
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on B, is — q/B, 
and B is 


Thus the resultant potential difference between A 


- -i-i- 


Since by definition 


Therefore 



_q BA 

q q B - A* 
A~ B 


Thus it is seen that the capacity of a condenser made of concentric 
spheres is a function of its dimensions only. It is seen that the greater 
A and B, the greater is C, and the smaller B — Ay the greater is C. It 
is thus seen that C depends on (1) the absolute size of the conductor, 
(2) the distance to the nearest body or bodies of opposite sign depend- 
ing on the nature of the system. In the assumption made in the deduc- 
tion of this equation all material was removed from between the 
spheres. Had different material substances been placed between the 
spheres the capacity would have been found to depend on the nature 
of the substance placed between the two spheres. Thus, it is seen that 
capacity finally depends on (3) the material between the two surfaces. 
This last item is an experimental observation originally due to Fara- 
day. He found that the capacity of a spherical condenser changed 
with the material between the conductors. The constant which 
determines the value of this change in capacity is called the dielectric 
constant and is designated by the symbol D. For free space, it is unity. 
For air it has the value 1.000vS9. Thus for air D is nearly unity. For 
other substances it varies, being about 6.0 for glass, 4 for sulfur, and 
2 for paraffin. Water has one of the highest dielectric constants among 
common substances. Its value is about 81. Liquid ammonia has a 
value which is higher than most liquids, being in the neighborhood 
of 16 at 14° r. It is to this high dielectric constant, which is also 
termed specific inductive capacity, that we owe the phenomena of 
electrolysis. This quantity D is identical with the D in the Coulomb 
law of force. 



We may define the term dielectric constant as the factor by which the 
force between two quantities q and q* in Coulomb’s law of electro- 
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static attraction is reduced by the presence of a material surrounding 
the two bodies. It may also be defined as the factor by which the mate- 
rial between the plates of a condenser increases the capacity of the 
condenser. 

The increase in capacity due to this dielectric constant depends 
on the fact that dielectric substances have in them small electrical 
dipoles. These dipoles are usually oriented in all directions. When 
a field is put on, the positive poles of the dipoles turn toward the 
negative terminal of the condenser and the negative poles turn toward 
the positive terminal of the condenser. Thus, as in magnetism, we 
ha\'e an orientation, in this case of electrical molecular dipoles. These 
take up the lines of force due to the field, and partially neutralize the 
charges collected on the surface of the condenser plates. They thus 
enable one to place more electricity per cm- on the surface before 
one increases the potential the same amount as in the absence of the 
dielectric. The reduction of the force is accomplished in the same 
fashion, since in the presence of a dielectric, the lines of force which 
would have gone from one body to the other, thus increasing the 
pull of one body on the other, arc now in part neutralized by the 
material of the dielectric. The force is thus lessened. 

Electrical dipoles or electrical doublets consist of a positive and 
an equal negative charge, or groups of positive and negative charges 
equal in amount, which are separated by a finite distance such that 
placed in a uniform electrical field they will have a torque exerted on 
them. The atoms or molecules are usually pictured as electrically 
neutral and having the center of positive and negative electrification 
of their constituent parts so completely overlapping that no external 
field is appreciable. Owing to the method of combination of two 
atoms to form a molecule, or owing perhaps to the fact that electrifi- 
cations in the atoms are such that the negative charge is distributed 
over a finite number of electrons while the positive charge is concen- 
trated at a point in the center of the atom, it often happens that 
there is not a complete superposition of the positive and negative 
fields. This means that the center of negative electrification is some- 
times separated from the center of positive electrification by a small 
finite distance. The result is that the molecule or atom acts as a small 
electrical dipole which has a torque exerted on it in any electrical 
field. The action of an electrical field on a dipole is closely analogous 
to the action of a magnetic field on a bar magnet. The electrical 
dipole is characterized by an electrical moment, whose value is the 
product of the value of one of the equal charges and the distance 
between their centers. As stated, certain molecules in substances 
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like HCl, H 2 O, NaCl, i.e., strong electrolytes, and also the weaker 
ones, have prominent electrical dipoles as a result of molecular struc- 
ture. In many other substances the action of an external electrical 
field produces a displacement of the centers of positive and negative 
electrification in the atom due to the fact that the electron shell is 
distorted by the inducing field. Hence all atoms placed in an elec- 
trical field have an induced dipole moment so that all substances have 
a dielectric constant greater than unity. Some substances have 
these dipoles only in electrical fields, due to the inductive action of 
the field in producing dipoles, and others have dipoles due to the 
existence of permanently separated electrifications in the molecule. 
In the latter case we can typify this behavior by the molecule of HCl 
which consists of a hydrogen atom and a chlorine atom combined in 
such a way that the electron of the hydrogen atom in combination 
with the chlorine atom has been so displaced toward the chlorine 
that the chlorine atom acts as if it were negatively charged while the 
hydrogen atom appears to be positively charged. The dipole could be 
described by placing a positive charge separated from a negative 
charge by 0.217 X 10~^ cm, the charges being the charge on a chlorine 
ion and a hydrogen ion (i.e., minus and plus 4.77 X HwS.U.), and 
the moment of this dipole is then given by 1.034 X 10“’® while the 
distance between the nucleus of the hydrogen atom and the nucleus of 
the chlorine atom varies between (1.276 to 1.34) X 10“® cm. It is 
seen therefore that in such a dipole the displacement of the centers of 
electrification is small and is not necessarily comparable with the 
distance between the two atoms. It is the action of these dipoles in 
an electrical field which accounts for the dielectric constants greater 
than unity. 

It was by means of the spherical condenser that Faraday first 
measured dielectric constants of substances. If one include the dielec- 
tric constant of the material in the cciuation for the spherical con- 
denser, one must write the equation for the capacity of such a con- 
denser as 

^ IKBA) 

B - A' 

(2) The Parallel Plate Condenser. — In the case of two parallel 

plates separated by a distance d, small compared to the linear dimen- 
sions of the plates, we can calculate the capacity very easily. In this 
case. Fig. 69, the field is uniform; that is, the lines of force run from 
one plate directly to the other normal to the surface of the plates 
except at the edges. (See page 192.) Since the number of lines of 
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force per cm^ in this case gives the field intensity, in other words, the 
force on unit charge, we can assume if there are a charges per cm^ of 
surface that the field F equals 
45 r<r. If there is a dielectric of 
value D between the plates, 

^ = -5- 

Now in the last chapter, 

we showed that the potential Fig. 60. — Parallel Plate Condenser, 
difference P.D.as is the work 
to move unit charge from b to a. Therefore, 



P.D.« 


•A 


(47r<r) , 4wa(a — b) 

-ir'-'- = — o — 


, where a — b = d. 


If the area of the plates be A, 

(] = A X (T. 

Therefore 

^ q DAa DA 
P.I). Aircrd 4ird 


I 


I 



(3) The Cylindrical Condenser. — In this case we have two con- 
centric cylinders of radii a and b, Fig. 70, the inner cylinder a being 
connected to one terminal of the battery, the outer cylinder b being 
grounded. Since the field is uniform except at its ends, for a cylinder 
in which the distance 6 — a is small compared to the length I of the 
cylinder, the lines of force run radially from a to b and are symmet- 
rically spaced about the axis of the cylinder. The field strength at 
any distance r from the axis of a cylinder carrying a charge q per cm 



204 


STATIC ELECTRICITY III-CAPACTTV 


length is given by Iqir. (See Starling, Electricity and Magnet- 
ism,” page 127.) The potential difference 


Pa - A 



Iq b 

— dr = 2q log - . 
r a 


Since per unit length of the cylinder llie charge on a is the charge of 
the system, and since h is earthed, and consequcnlly P.D.6 = 0, 
therefore* 

P.D.„ = 2r/l(>g 

a 


The quantity q of electricity per unit length of cylinder on a is equal 
to q. Therefore since C = ^/P.I). we have 



2^ log - 


a 

as the capacity per unit length of a cylindrical condenser. Thus for 
a cylindrical condenser 

1 

^ ~ b 
2 log - 
a 


per unit length. For a condenser of length / filled with a substance 
of dielectric constant D the ca|)a('ity C is 

2 log - 
a 

Condensers of this type are very easily made. For a small dis- 
tance between a and b compared to the length, the capacity may be 
computed from this formula with a satisfactory degree of precision. 
Such condensers can thus furnish easily reproducible standards for 
all electrostatic capacity measurements. While the concentric spheres 
have less correction due to end effects than the concentric cylinders, the 
difficulty of turning out accurately constructed spherical condensers 
is too great to warrant their use. 
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82 . USES OF CONDENSERS, ENERGY OF CHARGE, CONDENSERS IN 
SERIES AND PARALLEL 


The ability of a condenser to hold electricity in large quantities 
at a low potential makes it very useful for many purposes. The uses 
of condensers are, among others, the following: 

(1) An accumulator of electricity. (This is used in static machines 
and rectifiers for storing the charge until it is utilized.) 

(2) As a potential multiplier. (The property of the condenser which 
leads to this use will be discussed later.) 

(3) As a coupler of circuits. (For Ovscillating currents when it is 
unsatisfactory to make direct electrical connection with a circuit in 
which oscillation is taking place, use may be made of the induced 
oscillations set up in an insulated system through the inductive 
action of the condenser.) 

(4) As a producer of oscillations. (It is frequently used in connec- 
tion with an inductance for producing periodic variations of electrical 
intensity.) 

(5) As a f)otential divider used in the measurement- of high poten- 
tials with low range static instruments. 

dV 

(6) For measuring small currents from the relation i — C — , in 

dt 

dV . 

which C is the capacity and — is the time rate of change of poten- 

dt 

tial which can be measured. 

Before taking up the various combinations of capacities, it may 
be worth while to calculate the energy of the charge on a condenser. 
By definition, dw, the work done in bringing up a quantity of 
electricity dq to a condenser against a potential P.D., is given by 

dw. 

dw = P.D. X dq, for by definition, P.D. = 

dq 

Accordingly as we charge up a condenser by transferring to it a 
quantity dq successively we will find that the work reciuired to add 
each succeeding dq is greater than the preceding one, owing to the 
fact that as each successive quantity dq is added the potential has 
been increased by a certain amount. Thus to determine the energy 
necessary to charge a condenser we must sum up the little increment 
of work dw = P.D. X dq for all values of q beginning at zero and 
going to the total charge on the condenser. This is done by the 
process of integration. Hence we can write 


w = ^ P.D. dq. 
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Since by definition 


C = 


p.i).’ 


p.i). 


s 

c 


and %v = li (the energy put into the charged condenser), we have 





^ ' P.D. i] = ' CP.D.- 

2 C 2 ‘2 


Accordingly, when energy is storecl on an ideal condenser the 
energy of charge is \q PT). or \C P.l).“ This energy can be liberated 
in discharging the condenser either in the form of light, noise and 
heat, as in the spark, or as f-r, heat in a conductor. Since the internal 
resistance of a charged condenser is very low, the discharge of a large 
capacity at a high voltage will give instantaneous currents of high 
value. In this way. Dr. Anderson at Mount Wilson Solar Observatory 
explodes ” fine wires of substances and gets instantaneous tempera- 
tures of 20,000° (', i.e., about four times as high as that of the sun. 

If a condenser of cajxicity Ci at a potential Fi be connected to a 
capacity Oi at a potential Vz by wires, the potentials will equalize 
and electricity will be transferred from one to the other. It is of 
interest to calculate the energy after transfer. 

Let Panel C represent the potential and capacity of the combined 
system. If V\ is greater than T 2 the (juantity transferred q will be 


q = (Pi - DO = (P- 12)0, 

and 

_ PlO + P2^2 

“ ~7V+ D ' 


Before connecting the condenser, the energy was 
Ev 2 = ]C\Vr + iGD". 

After connecting the condenser the energy was 


E = 1(0 + G) 


/ P| + f ^PiA 


1 (Ti P, + CjV.y 

2 + G ' 


E,2 -E = 




( Pi - P 2)- 
' Cl + Co 


As this energy is positive, Ev 2 is greater than E. The amount of energy 
computed above is thus lost when q goes from Pi to P 2 . This loss 
must go to heating the wires during the flow of current, just as when 
water flows from one tank to another because of a diflference in gravi- 
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tational potential its energy is consumed in friction and heating the 
pipes. The heating of the wire on the sharing of charge between 
two condensers, or the discharge of one condenser, may take place in 
one of two w^ays. If the resistance is high the current will flow slowly 
and the w^hole energy of the current will go to raising the tempera- 
ture of the conductor. If the resistance is small, exactly as would be 
the case if tw'o large tanks of water were connected by a large pipe 
which was suddenly opened, the charge would oscillate backward 
and forward, each oscillation heating the wire by a small amount. 
The net result would be the same, and the two ways in which the 
healing may take place arc adequately described in Chapter XXV. 

In the use of most condensers there is another source of energy 
loss which is not included in the treatment above vv'hich applies to 
ideal condensers only. This loss is due to what is termed hysteresis 
in dielectrics. Beyond a slight conduction through the dielectric 
which can be neglected as far as energy loss is concerned, putting a 
field across a condenser containing, sa>', paraflined paper, orients 
the minute molecular dipoles in the dielectric. This orientation of 
the dipoles, just as in the case of magnetism, must be done against 
the resisting cohesiv'e forces. Thus work is done, and this goes to 
molecular agitation or heating. Hence in an alternating field where 
the molecular dipoles arc twisted first in one sense and then in the 
other, the dielectric is heated and energy is lost. Such losses are not 
negligible and much work lias been done to reduce the losses by 
finding proper insulators. This orientation will often manifest itself 
in direct currents by the presence of charges for some time after the 
condenser was discharged the first time. These are due to the release 
of charges bound on the surface 


±±v, 


"Vo 


Cf- 


of the metal by the oriented 
dipoles, as the latter return to 
their normal positions, due to 
heat motions. Such charges may 
however also be due to mobile 
ions in the dielectric which act in 
a similar way, as recently shown 
by Joffe, and both effects are 

present. It will be seen that the molecular ynagyielic dipoles, or mag- 
nets, produce precisely the same phenomena due to the resistance to 
orientation in a magnetic field (see Chapter XVIII), and we speak 
of magnetic hysteresis. 

It is of importance to calculate the values of the capacities for 
various combinations of capacity. This will be done in what follows. 


Fig. 71.— ('ondciisers in I’.irallcl. 
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Capacities in Parallel. — In Fig. 71, two condensers Ci and Co are 
('onnected in parallel. The potential Vi across Ci and that of Vo 
across Co are both equal to the potential V across the line. By 
definition 

Vi = qi/C\. 

Vo = qo/Co, 


"riiercforc since q — CV (where C is the total capacity) 


and hence 


= CV = CWi + CoV2\ 
C = Cl + 62 . 


Capacities in Series. — If we have two capacities in series across a 
battery, as shown in Fig. 72, the capacities 
Vi V., having the values Ci and 62, we see that 

dj ±1 j u from the laws of electrostatics the quantity 

+1 I +M of electricity qi on C\ must equal the quan- 

‘ ■ tity of electricity qo on 62. These each are 

equal to the (luantity q of electricity on 
the combined capacity C, of Ci and Co. 

+1^— That this must be so is seen from the fol- 

. lowing coiivsiderations. 

lM(r. /2. — ( orulensers in ® 

Series. B a plus charge be placed on 6\, negative 

electricity will be drawn from the insulated 
section containing one plate of Ci and one plate of C2. The 
amount bound by the positive charge on the left-hand side of Ci 
must be equal to the positive charge on Ci. On the other hand, 
since initicilly the insulated section was neutral, the equal quantity 
of positive electricity will be left on the left-hand side of C2. The 
latter will in turn bind an equal quantity of negative electricity 
on the right-hand plate of Co. Thus the charges on the condenser Ci, 
on the condenser Co, and on the condenser made of the left plate of 
G and the right plate of 62 must all be equal. Furthermore, since 
there is no current flowing, the potential V of the battery must be 
distributed in two parts — one across the condenser G, and the other 
across the condenser C2. In equation form this is expressed by 

F = Fi + F2. 


C G C2 


Therefore 
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and 

Thus 

Furthermore 

Therefore 


1 = 1 + 1 
C Cl Gi 


Cl + oi 

qi = Cl Vi = q2 = CoVo- 

^ -Yi 

C2 ~ Fi* 


The last equation says that the fall of potential across the two 
condensers Ci and C2 is in tlie inverse ratio of their capacities. We 
can accordingly utilize this principle in the measurement of potentials 
with electrostatic voltmeters. If we have a total fall of potential 
across two condensers C\ and C2, by placing our voltmeter across C> 
and making its capacity large compared to Ci, then the reading of 
the potential across 62 will be a simple fraction of the potential across 
Cl and 62. This follows from the fact that 

G 

Cl “ V2 

whence 

G + C l _ Vi + V2 _ V_ 

Cl ” “ V 2 “ V2 


If now we wivsh the potential across C2 which is F2 to be l/.r times 
as great as the total potential all that need be done is that the 
capacities Ci and C2 be adjusted in the following fashion. From the 
above equation 

V Cl + C2 
V2 Cl 

and thus 

G = Ci(.r - 1). 

This means that, if the capacity G be made ^ — 1 times as great as 
G, the fall of potential across G multiplied by x will give the poten- 
tial across the circuit. This device is frequently used for distributing 
potential drops and for measuring high potentials with instruments 
of a low range. 

Another use of capacity is in multiplying the effects of small 
quantities of electricity. Assume we have a gold leaf electroscope, G, 
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I'ig. 73, and let us fasten on the insulated electrode a large disc A, 
which forms the base of a parallel plate condenser. Separated from 
this plate by thin, accurately ecpial, insulators, we must place a sec- 
ond plate B of tile parallel plate condenser which is earthed and 
whic'h is provided with means for removing it easily. If now a charge 
be placed on the lower plate A, the upper plate By and Ay again form 

a condenser. After charging the 

— system, assume that the contact 

to the outside be broken, and 
that the upper plate be removed 
n B considerable distance. 

A ~ Then the ('harge which had been 

placed on A and had charged 

\ the capacity of ABy which we 

^ \ will designate as Ci, to a poten- 

tial V\ will reside on a system 

Tk;. 7.?.— Klcrtrostatic Potential Multiplier, consisting of the plate A alone, 

of catiacity C> which is much 
smaller. If the ratio between (\ and C 2 is known, then the ratio 
between the (|uantities q = C’l Fi = C 2 12 will also be known. Thus: 


which says that the deflection given by the electrostatic voltmeter 
when the upper |)latc has been removed will be to the dencction when 
the upper plate is present as the capacity when the upper plate is 
present is to the capac'ity with the upper plate removed. In this 
way, we can make the potential of a dry battery, which is very much 
too small to cause a gold leaf electroscope to deflect, serve to give a 
measurable deflection on a gold leaf electroscope. By accurately 
determining the capacities, this multiplication can be made as accurate 
as is desired. 
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ELECTROMAGNETICS 

83. DEFINITION OF CURRENT AND WORK DONE IN MOVING A CON- 
DUCTOR IN A FIELD 

In Chapter V, we started with two definitions of eiirrent in the 
electromagnetic system. I'he first definition of current was used in 
determining the strength of the current and in subseciuent applica- 
tions. 

We now come to a very useful application of the second definition 
of current. Unit current is that current which in unit length 

of a conductor perpendicular to a unit magnetic field causes the conductor 
to experience a force of 1 dyne. vSymbolically, this is expressed in terms 
of the equation 

/ = /.///. 

If ia — one absolute electromagnetic unit of current, 

1=1 cm. 

II = 1 gauss, 

then 

/ = 1 dyne. 

This cciuation / = iJU is the basis of calculating forces on all 
conductors carrying currents in magnetic fields. In fact, it was the 
basis of the calculation underlying the theory of the moving coil gal- 
vanometer in CTapter IX. 

If we have a conductor of length I lying perpendicular to a mag- 
netic field of strength II and pa.ss a current ia through it, a force will 
act on the conductor and caicse it to move. Since / (the force) is 
given by / = iaUU then the work {W) = iaUIx when the conductor 
moves X ems in the field. 

lx = A where A is the area swept out by the conductor, hence 
W = iaAIL All is the total number of lines of force cut, or the total 
flux. If we designate flux by the letter 0, then W = ia<l>- This says 
that the work done, when a conductor carrying a current cuts a mag- 
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netic field, is the current multiplied by the total number of lines of 
force cut. This leads to certain useful applications. 


84. FIELD IN AN INFINITELY LONG SOLENOID 


Owing to the difficulty of measuring magnetic moments and field 
strengths it would be very valuable to have a means of obtaining 
uniform reproducible fields of known strength whose measurement or 
calculations consists in a substitution of the value of an easily meas- 
ured current in an equation. Such an aid actually can be found 
through the study and use of the field in an infinitely long solenoid, 
which for practical purposes can be taken as a coil whose diameter 
is small compared to its length. 

Consider a coil of n\ turns of wire carrying a current fa. Then 
take a magnetic pole of strength m and move it once around the wires 
of the coil. Kach wire in this coil has cut the ^irm lines going out of 
the magnetic pole once. Thus when we carry a pole of strength m 
around a coil of n\ turns, carrying a current f«, each wire is cut by 
47rm lines of force, and from the above, the work done, W = ^Trianin\, 
If we have a long coil, by this we mean a solenoid whose diameter 
is small compared to its length, we have a very interesting case. If 

one studies the direction of the 
lines of force encircling each 
wire for two adjoining turns, 
one would observe that these 
lines of force annihilate each 
other except parallel to the sur- 
face of the coil on its inside 
and on its outside. The field, 
therefore, represented in such 
a section would consist of 
lines of force parallel to the 
axis of the coil running in one 
sense inside the coil and in the 
other sense outside the coil. 
There is thus no loss of lines of force through the sides of the 
coil, and all lines of force originating in the coil run through the length 
of the coil emerging at its ends. As a result of this, the lines of force 
distribute themselves uniformly inside the coil and run parallel to 
its axis. One has, therefore, a uniform magnetic field down the center 
of the coil. If now the coil with n\ turns were bent into a circle of 
radius r so that the two ends were together, we would have the cir- 



Fig. 74. — Coil f3cnt into a Circle. 
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cuit of the lines of force continuous inside the coil, as none would 
emerge, see Fig. 74, Thus the lines of force give a uniform field of 
length Iwr which is the length of the coil. The work done in moving 
a pole of strength m once around the circuit is then W = lirrllm. If 
on the other hand the pole m had been carried around each wire once 
separately, the work would have been W = Awniiatn, The work in 
both cases would have been the same, as in each case m was carried 
around each wire once. We can therefore write 


or 


W = = Iwrllm 


11 


lirr 


Now assume that the radius r of the ( ircle into which the large coil 



was bent is very large, A limited section of the coil is nearly a straight 
line, and the field except near the ends is //, which is the same as that 
above. Therefore we can set the field in such a section as given by 

II = ^ section, however, we have not but « turns 

27rr 


and a length for these n turns of I cm. 


Since for a uniform coil “ — — 
27rr 


n 

V 


we may write 


^•Kn^a 

~r^ 
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where / is the length of the section. Thus the field in a straight sec- 
tion of a solenoid the length of which is great ccaiipared to its diame- 

47rw/,, ...... 

ter IS approxiinatel>' // = — -- and if i is in amperes we can write 


// = - for (he held in a long solenoid. 

10 / ^ 

'Phis is, however, only an a[)proxiniation whii'h is the more correct 
tlu‘ more nearly the ideal conditions above arc approached. For 
ratios of length to diameter of the order of 10 to 1 the equation is 
good to a fraction of a percent in the center of the coil. The deviations 
are greatest at the ends of the coil, as shown in Fig. 75, where the 
lines of force begin to diverge, and at distances from the wires of the 
orch‘r of the diameters of or distaiK'es between the wires. Corrections 
for these effects can be found in the “ Bulletin ” of the Bureau of 
Standards and certain adv^inced texts, ('oils of this design arc of 
great value, as they enable us to produce uniform and calculable 
magnetic fields, which are especially important in the study of electro- 
magnetism. 


85. INTERACTIONS BETWEEN FIELDS AND CONDUCTORS 
CARRYING CURRENTS 

The study of the interacTion between current and magnetic field 
is essential in order to be able to predict the direction of motion 
resulting from suc h an interaction. The study of these laws is often 
fai'ilitated by the use of certain rules known as the dynamo and motor 
rules. These are hard to remember, easily confused, and a simple 
device for enabling one to determine the direction of motion is much 
to be preferred. 'Lhe method to be (Hitlined in what follows is one 
which is very simple. It recjuires memory only of the right-hand rule, 
whi('h gives the direction of the magnetic field circling a wire carrying 
a current. 

C'onsider the wire represented by i in h'ig. 76a. This is in a uni- 
form magnetic field 11 at right angles to the wire. The field about 
the wire is indicated by the arrows. In cross section we would see the 
fields as indicated in Fig. 76/?. It is seen there that on the lower side 
of the wire, the lines of the field about the wire are in the same direc- 
tion as the field of the magnet. On the upper side, the' lines of force 
are contrary in sense. These result in a field of the form illustrated 
in Fig. 76c. This occurs since two superposed fields in opposite 
senses when added giv^e a weaker resultant field. The field II above 
is therefore weakened and is represented by less lines per unit area. 
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It is seen that the lines of force on the lower side of the wire are 
crowded together. On the upper side, they are somewhat apart. 
Lines of force as imagined by Faraday act like stretched elastic rubber 
bands which exert stresses as a result of distortion. These strevsses 
have components per{)endicular to the general trend of the lines. 


Since, on the lower side of 
the figure, the number of 
lines compressed together is 
greater than on the upper 
side, the resultant force on 
the wire would be to move 
the wire upward relative to 
the magnet. In general on 
filotting the lines of force 
about the conductor where 




the lines of force go in the 
same direction as the field, 
the force is greater than on 
the side on which they go in 
the opposite direction. Mo- 
tion w'ill always be from the 
side of greater number of 
lines to the lesser. 




We may now apply this — ^ 

rule to several simple cases. ' 

(a) Consider two wires 

with the currents flowing in ^ 

the same direction. In what 7 

way will these wires react in ' - — ^ 

reference to each other? Fig. 

77a illustrates the direction 

of the fields about the two Fio. 76. — Dctonnination of Din'otion of Motion 

wires. It is seen that outside ('on.Iuclor farr> in^ r..rn.,u i.i a Magnetic 
r 1 -If ricld. 

of the two wires tiie forces 

produced by the one wire and the other are in the same direction 
whereas between the wires the forces annihilate each other. If the cur- 
rents in the two wires were ecpial, there would be no field in the neigh- 
borhood of the center as one approaches one wire from the other. Since 
the field increases as we approach the wire, there will be a few lines 
of force and those will increase in number as the wire is approached. 
The result will be that the wires will act as if they were being drawn 
together, that is, they will attract each other. Again, if the current 
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flow upward in one wire and downward in the other, avS shown in 
Fig. 776, the lines of force will add up in the space between the wires 
while in the region surrounding both wires they will annihilate each 
other. Thus there will be a crowding of the lines of force between 
the wires and the wires will appear to repel each other. 

The forces can be easily calculated as follows. If we assume that 



Fio. 77(1 . — Fields about Parallel Conductors; Currents in the Same Direction. 



Fig. 77b . — Field about Parallel Conductors; Currents in Opposite Directions. 

the wires are infinitely long, we may apply Biot and Savart’s law. 
Such an assumption is realized to a fairly good degree of approxima- 
tion in cases where the distance between the wires is about one-tenth 
the length of the wires. At r cm from a wire a, with current iay its 
2i 

field is // = — from Biot and Savart's law. The force of II on wire b 
r 

with a current ib is Ilibl, where I is the length. Therefore, the force 
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between wires a and b is one of attraction or repulsion which is 
given by 



This force is in dynes if ia and ih are in absolute E.M.U. 

Another interesting combination is what is known as the Faraday 
disc. It is also called Barlow’s wheel. This consists of a copper disc * 
mounted on an axle, shown in 
Fig. 78. This is placed be- 
tween the poles of a powerful 
magnet N-S. The lower end 
of the disc dips into a trough 
of mercury Hg while the axis 
and the trough of mercury are 
connected to the terminals of 
a source of potential. The 
current then flows into the 
axle down through the mer- 
('ury and back to the battery. 

This current is acted on by 
the magnetic field causing the disc to rotate in a sense determined 
by the direction of the field and the direction of the current. The 
force then acts tangentially on the wheel causing it to turn. This con- 
stitutes one of the first electric motors; it is, however, inefficient 

because of the effect of eddy 
currents which we will discuss 
in a later chapter. The in- 
efficiency of this motor led 
Faraday to conclude that the 
practical application of his 
discoveries would never be of 
any value. Not very long 
after these statements, a 


Fig. 78. — I^ar low’s Wheel. 



Fig. 79. — Simple Motor. 


more practical form of motor was devised. 

This simple motor which we may now discuss is shown in Fig. 79. 
A coil of wire is placed between the poles of a magnet NS, 
One end of the coil of wire is connected to the half of the split ring a, 


* The Barlow wheel will operate in the absence of the magnetic field introduced 
from outside. This seems paradoxical at first, until it is recognized that the field 
produced by the circuit A BCD carrying the current to the wheel itself can produce a 
field which will act in the same way as the field of the magnet. 
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the other end is connected to the half of the split ring b. The seg- 
ments of this split ring arc insulated from each other. The terminals 
of the battery are connected to the two terminals which are at the 
two ends of the diameter of the ring. When the current flows through 
the coil, the wires which are normal to the lines of force of the field will 
have forces exerted on them urging the one wire up and the other 
wire down, provided the current and field are properly arranged. The 
forces on the two wires produce rotation in the same sense and there 
is a couple acting to cause the motor to turn. The wires turn in such 
a fashion that as they reach a position of eciuilibrium (when the plane 
of the coil is perpendicular to the field), in which the field acting on 
the wires reverses in direction with regard to the How of current in 
the wire, the current is also reversed in direction by the contacts 
striking the next segment of the split ring. Thus the two wires are 
caused to rotate continuously about their axis. It is seen that when 
the coil is perpendicular to the field the force is zero. Accordingly, 
unless the inertia of the rotating system carries the coil past this neu- 
tral position the coil will cease to rotate. The motor coil is then said 
to be on a dead center and it must be displaced from this before the 
field is turned on to start the motor. This action is very well illus- 
trated in the cheap commercial toy motors in which friction is high 
and the inertia of the armature is so small that the ('oil readily finds 
itself in a position of dead center. The energy consumed and the 
considerations of the torcpie produced by the motor will furnish 
material for another chapter. 

Still another example of the force between wires is illustrated in 
the case of a loose coil of spring wire suspended vertically which car- 
ries a current and dips into a cup of mercury. Two succeeding turns 
of the wire carry the current in the same sense. Tliis results in the 
field produced in the two turns being such that the turns attract each 
other. If the spring be suspended so that one end dips into a trough 
of mercury and the trough of mercury be connected to a battery 
whose other end goes to the further end of the coil, then as soon as 
contact is made a current flows through the coil. The coil contracts 
against its elastic forces, breaking the contact. On breaking contact 
the force is removed and the coil again makes contact. The result 
will be that the coil oscillates back and forth as long as the current 
flows through it. This oscillating coil is depicted in Fig. P-26, page 
387. 

There are beside this a large number of other examples, and the 
mechanics of each of these examples can be worked out very satis- 
factorily by means of the rules laid down. 
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MAGNETIC PROPERTIES OF MATERIALS 

86. THE MANNER OF REGARDING A PIECE OF IRON IN A MAGNETIC 

FIELD 

As was stated in the second chapter substances which show mag- 
netic properties are eitlier permanently or temporarily magnetized 
in a magnetic field. They show various degrees of retentivity. Those 
with a high degree of retentivity are the permanent magnets; those 
with a low degree are temporary magnets. The magnetization of a 
specimen depends on the magnetic field and at first increases slowly, 
then rapidly as the field increa.ses, finally increasing more and more 
slowly, eventually reaching saturation. The explanation of the lat- 
ter effect was made on the basis of the assumption of elementary 
magnets. 

In the last chapter we saw that in a solenoid one can get a uniform 
magnetic field with lines of force parallel to the axis of the coil. Let 
us consider more closely what happens when iron or steel is placed 
in such a field. The apparent result is an increase in the number of 
lines of force over what there was when there was no field acting. 
This increase in the number of lines of force may be treated mathe- 
matically in two ways. The two modes of looking at the phemomenon 
are both useful for different applications to magnetic problems. The 
first point of view regards the increase in the lines of force from the 
point of view of the creation of new magnetic poles in the iron. The 
second point of view discusses the increase of lines of force as an 
increase in the number of lines of force threading the iron. It really con- 
siders the iron as a magnetic conductor. 

Let us take the first point of view. Assume that we have a piece 
of iron of length 1. It acts like a magnet of pole strength m and 
moment M. The magnet of pole strength m creates new lines of force. 
This magnet is, however, produced by the field 11 already existing 
in the coil. If the magnet exists only as long as the field exists (which 
is the case for soft iron) the magnetization is not permanent and may 
be proportional to the field. This is the simplest case to consider. 
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The new poles contribute ^irm lines of force. The density of flux 
where iron or magnetic materials are concerned is called the induction 
and is represented by the letter B. Thus we can write for a piece of 
soft iron in a field //: 


B = 11 + 


^Trm 


Here A is the area of cross section of the iron normal to the field, and 
the Airm represents the lines due to the new pole. If we multiply the 

Airyn 

top and the bottom of the expression — ~ by /, the length of the mag- 


net, then 


AttitiI AttM 

~Ar ^ ~V~' 


where Al is the volume V of the magnet and ml is the magnetic 
moment M. Thus 


B 


// + 


4tM 

“T" 


= 11 + AttL 


I is a new quantity defined as the intensity of magnetization. It is the 
ratio of the magnetic moment to the volume of the magnet. Now I is 
produced by the field. Thus 


I = 


M_ 

V 


kTL 


Here k is a constant, over a small range of values of II, called the sus- 
ceptibility. It measures the susceptibility to magneti^jation by the 
field 11. Therefore 


and 


B = 11 + AttkII 


B = 7/(1 + Atk). 


From the other point of view, we regard the iron as a magnetic 
conductor and simply state that more lines of force flow per unit area 
taken perpendicular to the iron than would flow through the same 
space were the iron absent. These so-called magnetic conductors 
have a greater permeability than the air. This is stated in equation 
form by writing that B = iiH, where /x is a number greater than 1 
which gives the amount by which II inside the conductor must be 
multiplied to give the induction B. For empty space /x equals 1, 
while for iron it attains values of 1000 or more. For air /x is very 
nearly equal to 1, having the value of 1.0000004, We can therefore 
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tivity because of resistance to the orientation or rearrangement of 
the molecular magnets. In substances where there is no retentivity 
these rearrange themselves readily for there is no friction to keep them 
from doing so. With a high retentivity the arrangement of the mole- 
cules depends entirely on the work done against the friction. Thus 
the hysteresis loop above represents the work lost as heat in magnet- 
izing and demagnetizing the iron. The heat comes from the fric- 
tional action of the molecular magnets. Fig. 82 shows the hysteresis 
loops for soft iron and steel. As is seen, the area under the steel loop 
is much greater than under that of soft iron. 

88. THE MAGNETIC BEHAVIOR OF ATOMS, PARA-, DIA-, AND FERRO- 
MAGNETISM 

Wc now come to a more careful scrutiny of magnetism. If we 
place small pieces of different types of matter in a strongly divergent 
magnetic field (that is, near a conically shaped pole piece of a magnet) 
it will be observed that certain of these substances are attracted to 
the magnetic pole while others are repelled. By a divergent field in 
contradistinction to a uniform field is meant a field where the lines 
of force rapidly separate and do not run parallel. In such a field the 
force changes rapidly with the distance from the pole. Those attracted 
are elements like iron, nickel, cobalt, Al, O, and Mn, while those 
repelled are substances like copper, bismuth, silver, etc. 

Again, if we place oblong pieces of these substances in a uniform 
field the iron-like substances will set themselves parallel to the field 
so that as many lines of force as possible run through the body. The 
others will set themselves at right angles to the field trying to avoid 
the passage of magnetic lines. The bodies which are attracted in the 
divergent field and set themselves parallel to the uniform field are called 
paramagnetic bodies. Among the paramagnetic bodies, we distin- 
guish some which show a feeble activity, e.g., Al, Cr, Mn, as against 
the powerful activity of Fe, Ni and Co. The latter bodies are termed 
ferromagnetic bodies. It seems that ferromagnetism is a particular 
manifestation of paramagnetism as yet little understood. Above 
certain temperatures ferromagnetic bodies lose this extreme property 
and become paramagnetic. 

Those bodies which are repelled by the divergent field and set them- 
selves perpendicular to the uniform field are called diamagnetic bodies. 

The explanation of the two actions above is very easily seen if we 
assume in the case of the orientation of the bodies parallel or per- 
pendicular to the field that the diamagnetic body tries to have less 
lines of force passing through it than pass through air, while the para- 
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magnetic bodies tend to concentrate the lines of force. The same is 
true if we look at the diamagnetic body in a divergent field. It is 
repelled because less lines of force are able to thread it than thread the 
space in its absence. The paramagnetic body acts as it does because 
more lines of force try to pass through it than pass through empty 
space. Considering forces as stretchecl elastic rubber bands, make 
these actions obvious in Figs. 83 and 84 which represent dia- and 
paramagnetic bodies respectively in a divergent field, and in Figs. 85 
and 86 which represent oblong pieces of dia- and paramagnetic bodies 




Fk;. 83. — A Diamagnetic Body Fl<;. 84.- A f Paramagnetic l^ody in a 

in a Divergent Field. Divergent Field. 



in a Uniform Field. Bofly in a Uniform Field. 


respectively in a uniform field. All this may be summed up in the 
sentence which says that for paramagnetic bodies /x is greater than 
one, while for diamagnetic bodies fx is less than one. 

We have explained the fact that m is greater than one by assuming 
that paramagnetic bodies have small magnets which align themselves 
in the magnetic field and this alignment changes the otherwLse inert 
body into a magnet, temporarily or permanently. Thus, the increased 
permeability is explained. 

In the case of the diamagnetism, one may ask how the permeability 
can be less than unity. The only explanation we have is that a mag- 
netic field is induced in the body when the external field FI is put on 
in such a direction as to oppose the exciting field //, That such an 
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action must follow comes directly from our modern understanding 
of atomic structure. Atoms consist of a central positive sun, iV, 
Fig. 87, the nucleus, with negative electrons, such as E, describing 
orbits about it. An electron moving about a nucleus constitutes a 
small gyroscope. When a magnetic field 11 is placed in the neighbor- 
hood of the atomic gyroscope, the electron in its orbit which con- 
stitutes a current suffers a torque or force F about the axis ANB, 
The torque acting on a gyroscope causes the gyroscope to execute 
what is known as a precessional motion. This processional motion 
cauvses the plane of the orbit to describe an orbit (indicated by the 
motion of the point 
O out of the plane 
of the paper to- 
wards P), in such 
a fashion that we 
have the electron 
moving partly so as 
to create a current 
producing a field 
parallel to the mag- 
netic field II which 
caused the disturb- 
ance but opposite in 
sense to //. There is, as we shall see in a later chapter, a law which 
says that when a circuit is so disturbed by a magnetic field as to 
have a current set up in it the current set up will flow in such a sense 
as to counteract the magnetic field producing it. If this were not so 
we could get perpetual motion. Our little molecular gyrostat in the 
magnetic field is thus caused to precess so that the electrical gyro- 
stats of the atoms set up a field opposing the inducing field. This 
causes the diamagnetic behavior. All substances should show dia- 
magnetism and they apparently do. In the ferromagnetic and para- 
magnetic substances, however, the ferro- and paramagnetic effects so 
far outweigh the diamagnetic effects that the latter are not noticeable. 

89. THE EXISTENCE OF AMPERE’S MOLECULAR MAGNETS, THE MAG- 
NETON AND THE QUANTIZATION OF ATOMIC MAGNETS 

When Ampere, who was one of the early protagonists of the molecu- 
lar and atomic theory, studied the magnetic fields due to currents 
he suggested that the molecular magnets in the magnetic atoms or 
molecules were due to small circular electrical currents in the atoms. 
With the discovery of the electron and the Rutherford picture of the 



Fig. 87. — Diagram Illustrating the Nature of 
Diamagnetism. 
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atom as a group of electrons moving about a central sun or nucleus in 
orbits some hundred years later the plausibility of the real existence of 
these AmpcTian molecular magnets was established. Two investiga- 
tors attacked the problem from different angles. S. J. Barnett stated 
that if one accelerate a piece of metal some of the atomic gyrostats 
causing diamagnetism must be set into precessional motions due to 
the very small mechanical torque placed on such atoms as were prop- 
erly oriented. Calculation showed that such a precession should 
cause the metal to become magnetized. Ferromagnetic substances 
were spun in a space free from magnetic fields so that their perme- 
ability would increase the minute effects to be expected from the very 
small magnetization coming from accelerations that were possible 
experimentally at the highest mechanical speeds of rotation, for our 
mechanical speeds and accelerations are minute compared to such 
quantities in atoms. The experiments consuming many years were 
finally successful but gave a value about half that to be expected by 
theory. At the same time Einstein and de Haas suggested that by 
properly applying a magnetic field to a diamagnetic body the preces- 
sional motion should set up a minute mechanical force which should 
manifest itself. By applying a periodic external field which synchro- 
nized with the period of oscillation of a sus[)ended piece of metal the 
mechanical system experienced a feeble periodic torque. Thus the 
minute mechanical effect could be many times multiplied and easily 
detected by the iiKUion of the metal. They actually demonstrated 
the existence of the torque. Here again the numerical values were 
less than the theoretical values by something near a half. The explana- 
tion of this is outstanding, but it seems that a solution of the diffi- 
culty is near. 

By studying the paramagnetivsm of substances in solutions Pierre 
Weiss arrived at the concluvsion that paramagnetic bodies were com- 
posed of combinations or multiples of a magnet of unit strength or 
moment. This elementary magnet representing what Weiss believed 
to be the elementary molecular magnetic moment he called the mag- 
netofiy and he assumed it to be the expression of the unit Amperian 
current causing paramagnetism. When the structure of atoms became 
clearer, Bohr, whose pioneer work had done much to develop our 
knowledge, concluded that there was a different elementary unit of 
magnetism. He deduced the value of this unit theoretically from his 
theory of atomic structure. The moments in each case depend on 
the number of electrons and the types of orbits they are in. He also 
concluded that in the vapor of silver there must be one such magneton 
per atom and that these atmoic unit magnetic dipoles must in a field 
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orient themselves (contrary to the existing belief which assumed 
random orientation of the axes of the dipoles) with their axes in only 
two directions. Either the moments would be in the direction of the 
field, or they would be oriented at 180° with the field, i.e., they would 
set their north poles towards the north pole of the field. 

Between 1921 and 1924 Stern and Gerlach passed a beam of silver 
atoms perpendicular to a very inhomogeneous magnetic field in a high 
vacuum. In such a beam the silver atoms traverse the field in some 
10“^ seconds and suffer no disorienting collisions. If there is no field 



with the apparatus sketched in Pig. 88, where A is the oven with 
evaporating silver. Si and S 2 are slits to give a uniform beam, I/W 
is the field strong along the knife edge II, weak along the pole piece W, 
the deposit on the glass plate P should consist of a sharply defined 
image of the slits as the atoms move in straight lines. Fig. 88a. If 
the molecular magnets are oriented in all directions as usually assumed, 
one might expect the field to produce a diffuse band wider than the slit 
image whose density should vary in some manner indicative of the 
orientation of the dipoles do they exist. Fig. 886. If Bohr’s picture 
is correct the single image of the slit in the absence of the field should 
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in the field l)e broken up into two sharply defined images to the right 
and left of the undisplaced image, as in F'ig. 88c, This would occur 
because the dipoles with axes parallel to the field and JV poles towards 
the south pole of the field are attracted in a divergent field while 
those with reversed moments are repelled. The separation if the 
gradient of the divergent field is known will then give the value of the 
atomic moment and decide between the Bohr and the Weiss magne- 
tons. The experiments showed the type of behavior predicted by 
Bohr and the two separate images were observed. The value of the 
Bohr magneton was found from these measurements as predicted, 
and later theoretical work established the true relation between the 
Bohr magneton and the Weiss magneton. Other atoms were studied 
and some showed moments while others did not. In most cases the 
results fulfilled the predictions of the Bohr theory. Thus we see that 
essentially the magnetic behavior of substances is explained by 
Ampere’s molecular currents. In the light of the modern view of 
atomic structure the existence of residual permanent moments in the 
atoms can in a measure be predicted as a function of their structure. 
The peculiar phenomenon known as ferromagnetism has however 
not been satisfactorily accounted for to date. 
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THE MAGNETIC CIRCUIT 

90 . CONCEPT OF MAGNETO MOTIVE FORCE AND DEFINITION OF 

RELUCTANCE 

The rapid development of electromotive and electrogenera live 
machines beginning about 1870 made a development of methods of 
calculations and treatment of the various fields produced by elec- 
tromagnetic devices imperative. A very convenient method of treat- 
ment was devised largely by H. A. Rowland, an American physicist, 
in 1873. He made use of the idea that a current flowing in a conduc- 
tor produces a magnetic field, that is, a flux of magnetic lines of force 
through the circuit. Since to drive a unit magnet pole around a cir- 
cuit against the field representing this flux requires work, Rowland 
in analogy to the work done by an electromotive force in driving cur- 
rent through a circuit called the work to carry the magnet pole once 
around the magnetic circuit, or system, the magneto motive force. Thus 
by dividing magneto motive force by flux in analogy to dividing electro- 
motive force by current one gets a quantity Z called the reluctance of 
the magnetic circuit equivalent in its mathematical behavior to the 
quantity called resistance in the flow of electrical currents. Since 
means are devivsed to calculate the reluctance of the elements of a 
circuit, as is the case for resistance als^o, the reluctance of a circuit 
can be determined. This gives the flux if the magneto motive force is 
known, or if the flux is given one can calculate the magneto motive 
force needed to give that flux. It also happens that the reluctances in 
series are additive and when placed in parallel they follow the same 
laws as resistances in parallel. It is thus possible to compute the 
flux in branched circuits of all sorts. It must however be borne in 
mind that the analogy is purely a formal one, for in the case of cur- 
rents there is actually a transfer of electricity while in magnetism 
there is no actual flow. 

With this outline of the situation we can proceed to a quantita- 
tive formulation of the problem with illustrative applications. It 
was found in Chapter XVII that the work to carry a unit pole about 

229 



230 


THE MAGNETIC CIRCUIT 


a coil of n turns carrying a current in was given by W = ^Ttiia where 
ia is in absolute units. If we speak of the current in amperes then 

= A work per unit pole becomes W = Thus the 

work is proportional to ni, that is, to the ampere turns. This work 
per unit pole in analogy to work per unity quantity in the case of cur- 
rents (electromotive force) is called the magneto motive force. Thus 

47rm 47r . 

magneto motive force or MMF = " ampere turns. As a 


result of EAIFm a circuit a current i flows. In analogy, a magneto 
motive force produces a flux of tp lines in the magnetic circuit. For 

the case of the current — ^ — = it, the resistance, a constant of the 

t 

materials, their distribution and dimensions in the circuit. In the 

MMF 

case of the magneto motive force = z, where Z is called the 


reluctance of the circuit and represents the equivalent of resistance 
(magnetic resistance) to the flux in a circuit. This is also a charac- 
teristic constant of the magnetic materials, their distribution and 
dimensions in the circuit considered. 

It has become the custom in recent years to redefine magneto 
motive force as the actual ampere turns MMF = ni and to write 


— MMF 

15 = z. 

<P 

The — then comes into the equations as a constant divisor and we 
10 

write 

AfAfF _ Z lOZ 

ip 47r 47r 

10 


91. THE VALUE OF THE RELUCTANCE 

One may at once deduce the value of the reluctance for a circuit 
as follows. Consider a complete magnetic circuit as that shown in 
Fig. 89. We can trace the lines of force all around the circuit. The 
work done in threading once around the circuit for unit magnet pole 
4:7rtii 

is — — . This work is however the sum of the products Hdl all around 
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the circuit, i.e., force II on unit pole times distance. Here II is the 
value of the field in a small length of the circuit dl within which II is 
sensibly constant. Thus 

J r Airni 

a 


W 


Ildl = 


10 


where the sign I means the integral, 

Ja 

or sum, of the quantities Ildl around 
the circuit, for in general II varies 
along the circuit. This integral is 
called the line integral of the field and is 
one of great importance in all problems 
dealing with circuital relations of any 
sort, electrical or magnetic. For a cir- 
cuital tube of induction (i.e., a tube of 
force for which the total number of 
lines is constant) we can write <p = BA 
= iJillAy where B is the induction, A 
the area of the tube which may vary, and m is the permeability. 

(p 

Thus H = — , and the equation above becomes 
ixA 

PF = ~ MMF = r Ildl = f~; or — MMF = f— . 

10 .h 10 



Fig. 89. 


Thus 


MMF __ 10^ 

ip At 


_ r — 

iir Jo ^A 


In general, A is a function of / and integration must be carried out 
over the circuit. Frequently, however, the circuit may be broken 

into parts in which A is constant over a length I and Z = ^ . This 

fiA 

I 

says that Z is the sum of the terms — in the circuit, in which over 

PlA 

j dl I 


a length /, A is constant so that 


Thus we see that in a 


p,A fxA 

magnetic circuit it is frequently possible to express Z as the sum of a 


group of component reluctances Zi = 


I 


P^iA 


, ^2 = 


M2^2 


, Zz = 


h 




and so forth. Since Z == — we see again a close analogy to resist- 
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ance, for in the case of resistance R = -Ro -7, where i?o is similar to 

A M 

and I and A are strictly analogous. We may also note that the reluc- 
tances Z in series are additive as are resistances R. For two reluc- 
tances in parallel we may again note that as for resistances— = — + 

K K\ K2 


^ Thus we can easily compute the 

Z\ Z2 

In general, then, we 


so with reluctances ^ = 

values of the reluctance for a magnetic shunt, 
may write 

47r MMF Air ampere turns 

To 


<P = 


10 


2:- 


/ 



/ 

N' 

fiA juA 

Applications. — Three types of problems may be considered. (1) One 
may attempt to calculate (p for a given circuit such as those depicted 
below in Figs. 90 and 91 . (2) Again one may wish to obtain a given 

flux ^ in a region, and having 
fixed on the form of circuit one 
must know how many ampere 
turns will be needed to give the 
flux. ( 3 ) Finally one may find it 
necessary to calculate the effect 
of a magnetic shunt. 

(1) Given the circuit of a 
horseshoe magnet as shown in 
Fig. 90 , with the coil having an 
ampere turn value m, with an 
area of cross section Ai, a per- 
meability Ml und a length /i in 
the horseshoe part. The iron 
keeper separated from the mag- 
net by a small air gap at the 






-It 




Fig. 90. — GaU'ulation of Flux through 
Magnet and Keeper. 


two poles of the horseshoe has a length 4, an areaZ2 and a permeability 
M2- The lengths I3 of each of the two air gaps is so short that we may 
consider the area A3 equal to Ai, For these air gaps m == und we 
see that in this case most of the reluctance comes in the gap as mi and 
M2 are in the thousands. The solution of the problem is then merely 

47r . 

m 


ip = 


10 


txiAi 


h ^ 2h 

M2Z2 Ai 
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(2) Given the same circuit as in the preceding problem. It is 
required to design a coil for the horseshoe magnet to give a flux ip in 
the iron keeper. The problem is now to be complicated by the fact 
that the keeper has been removed a greater distance from the horse- 
shoe so that h is greater, and by the fact that m and iU2 are undefined. 
When h is fairly large a certain percentage of the flux that previously 
went through the keeper prefers to go through the air from one pole 
to the other and not through the keeper. Thus there is a loss of 
/ per cent of lines for the keeper. In such problems the types of iron 
used (i.e., mi ^ind M2) are probably fixed as are the dimensions Ai and 
A2, but Ml and m 2 must be calculated for the value of B required to be 
used in the circuit. It is possible that the areas A^ are somewhat in- 
creased, but for simplicity these maybe considered the same. The prob- 
lem thus becomes one of calculating the ampere turns ni or the M.M.F. 
to cause <p lines to pass through the keeper with a loss of / per cent of 
lines due to leakage. The ampere turns can best be calculated by find- 
ing the ampere turns n\ ii to force this flux through the portion char- 
acterized by lu Au Mil i^o that <p lines go through /2i42M2, the ampere 
turns mis to force the flux <p through the air gap IsAs and the ampere 
turns ^^2^*2 force the flux <p through the keeper 1X2I2A2, and adding 
them. Since / per cent of the flux in hA\ix\ is lost before it pavsses 


through /2^2M2 there must be 


100 


ip lines generated in Ailip.i, Now 


if 


100 


ip lines go through ^Ii/imi the value of the induction Bi is 


100 -/ 

\ipl A\ for this part of the circuit. Again if ip lines are to thread 


100 -f 


(p 

A2l'2fi2f the induction B2 is — . Hence we can at once determine m for 

A2 

these values of B from tables characterizing the particular type of 
metal used. Thus as soon as the values of Bi and B2 are computed 

10 

the values of mi and m 2 can be found. We then write since ni = —Zip 

47r 


niii = 


10 100 h 

IJiiAi 


nsis 


10 2/3 

As 


^2^2 = 


10 I2 
4 t M2^2 
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As ni == nii\ + ^ 2^*2 + ^ 3 ^ 3 , we have 


ni 


J} . ^ . /2 \ 

47r ^ \100 — //ijyli yl.s iU2^2/ 


The value of ni being now calculated, the wire and dimensions of the 
coil must be designed to stand the current without overheating and 

yet give the adequate 
ampere turns. 

(3) wSuppose one is 
given the circuit depicted 
in Fig. 91, which is the 
sort of a branched circuit 
sometimes met in labora- 
t o r y transformers t o 
enable an easy reduc- 
tion in potential to be 
achieved. It is desired 
to calculate the distance 
at which the cross-arm 
shunt should be placed 
relative to the primary 
branch / so that by put- 
ting it into the circuit the 
flux through the secondary 
coil II can be reduced 

Fk;. 91 . — Calculation of Maj^nctic Shunt for a one-half of its value 

Transformer. in the absence of the 

shunt. One may neglect 
leakage and air gaps in this problem. Given the width of the frame 
as constant and equal to /j, the cross vsection of I as Ai cm^, that of 
II as A 2 cm^ and that of the shunt as As cm^, while the distance 
between / and II is h cm and that between / and 5 is 5 the unknown 

47r 71 / 1 / 

required. Now the total flux generated is <^o = 77: — when the shunt 

10 Zo 



5 is absent. Here Zo = Z/ -f- Zn, When .-5 is in place the total 

flux IS (ps = — — , where Zi is given by Zi = Z^i + , 

lUZi Z^ii-\-Zs 

which follows from the law for reluctances in series and parallel in 


analogy to resistances. Of this flux ^ 5 , the fraction — = 

^ps Z^ii + Zs 

is driven through the secondary //. This follows in analogy to the 
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tact were perfect, there would be no stray flux. Between these two 
states, as the air gap is increased, all degrees of loss of flux or leakage 
can occur, as shown in Fig. 94Z>. These must be taken account of 
when one considers circuits, as was done above. 

(3) The Effect of Air Gaps. — Besides increasing the leakage, the 
effect of an air gap on the hysteresis loop, or the B — 11 curve, is to 
make higher fields essential to produce the same degree of magnetism. 
The B — II curve will thus take on an elongated shape instead of the 
more compact shape. This is due to the fact that /x for air is small 
and to get the same flux we must increase the M.M.F. 

(4) The Structure of Electromagnets. — Electromagnets are of two 
types. Where a high resistance is permissible and a small current 
flow is required, the magnet is wound with a large number of turns 
of as low a resistance as possible. Then for a small current, the mag- 
netic effect is a maximum. In some cases where it is possible to get 
very high currents, as from some of the modern high current genera- 
tors, the number of turns wound on a magnet are comparatively few 
but the currents are prodigious. To prevent heating with such cur- 
rents, the armature windings are made of tubes through which water 
is circulating to carry off the excess heat. In general, these are wound 
about magnetic circuits with poles close together. Fields of the order 
of 50,000 gauss can be obtained with such magnets in short air gaps. 
Higher magnetic fields have been obtained by Kapitza for short 
intervals of time by the divseharge of a high capacity storage cell of 
low internal resistance through a solenoid. 

(5) Lifting Power of Magnets. — We finally come to the question 
of the lifting power of magnets. When we bring two magnets close 
together, the plane surface of the magnet, or magnet and keeper with 
induced magnetism, act like magnetic shells * with a density of mag- 
netization per cm^ equal to <7. The number of lines going out from one 
surface to the other is lira per cm^. The force on the density a of 
one pole exerted by the lira lines from the other pole is the product 
of those two and is expressed by / = lira^. If there is no divergence 
of lines of force, which is the case when the two surfaces are [)arallel 

* A magnetic shell is merejy a thin piece of magnetized material whose area has 
linear dimension of much greater magnitude than its thickness. If this shell is mag- 
netized with all its north poles on one surface and the south poles on the other, it con- 
stitutes a magnetic shell. Unlike the case for a conducting metal surface with <r 
charges on it (whose lines of force all emerge from the surface normal to it as there is no 
field inside the conductor), the a north (or south) poles on the surface of the shell 
send but one-half their lines of force outward into the space, the other half {Iva) 
lines' running from the north (south) to the south (north) pole through the shell as 
the shell is a magnetic conductor. 
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and close to each other, H (the field strength) equals 4r<r in the gap. 
Thus 

11 , IP 

^ ■ S' “ ■ s;- 

Thus the force between the two surfaces of area 1 cm^ is 



If there is no divergence of the lines, that is, if there is no stray field, 
which is true for a short gap, II = B, where B is the induction through 
the iron, and we have 


f = — , as the force per 
^ Stt 



Thus if we know the induction through the iron we can calculate the 
force of traction between magnet poles; or vice versa, if we measure 
the lifting power of a magnet, we can determine the induction through 
it provided the air gap is small. If the area of the poles is A the force 
/ per cm2 niust be multiplied by A to give the total force on area A. 

AB^ 

That is, the total force is /a = — — . The fact that the attractive 

OTT 

force between a magnet and a piece of iron is proportional to the area 
times the square of the induction is nicely illustrated by^the experi- 
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ment shown in Figs. 9Sa and 95b, In this experiment, which depicts 
the side view of an iron horsehoe magnet supporting a keeper carry- 
ing a scale pan with weights by means of string, we will observe that 
if the keeper is perfectly flat (Fig. 9Sa), it will support less load than 
the keeper with the curved surface in contact with the iron, illus- 
trated in Fig. 95b, In the first case while the area A is large the induc- 
tion is the total flux of the magnet through the keeper divided by the 
area of the keeper in contact with the magnet. In the second case, 
since the area A of the keeper in contact with the magnet is a small 
fraction of the area in contact in the first case, the induction, except 
for the small loss of lines of force due to leakage, is increased in inverse 
proportion to the area of contact; for in this case, except for the flux 
lost to leakage, most of the flux is found to cover a much smaller area 
and thus B is increased accordingly. Therefore, B'^A is distinctly 
greater in the second case than in the first, as shown by the greater 
traction. 
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93. DESCRIPTION OF INDUCED CURRENTS, LENZ»S LAW, DIRECTION OF 

INDUCED E.M.F. 

In 1831 Faraday made a discovery the consequences of which 
have led to the development of modern industrial electrical engineer- 
ing. As it had been observed that a current produced a magnetic 
field, he decided that vice versa a magnetic field should produce a 
current. In looking for this effect he found that in fact under cer- 
tain conditions a magnetic field will produce a current in a conductor. 
From the first discovery of the effect, in ten days’ time, he had com- 
pleted an investigation of the phenome- 
non, and our present-day knowledge of the 
phenomenon hardly exceeds what he dis- 
covered in those ten days. 

Faraday’s observation was this — that 
if a conductor be moved in a magnetic 
field in such a way as to have a component 
of its motion perpendicular to the field, an 
E.M.F. is induced at the ends of the con- 
ductor. If the conductor is short-cir- 
cuited or the ends are joined, a current 
flows through the conductor. The direc- 
tion in which this current flows can be 
deduced at once from the law of con- 
servation of energy. 

The law for the direction of flow of cur- 
rent is known as Lenzs law. The current 
set up in the conductor must flow in such a 
direction as to build up a magnetic field opposing the change in the cir- 
cuit. Otherwise, the magnetic field set up by the current flowing would 
increavse the motion and generate more current. This process could 
not go on indefinitely increasing the motion and building up more 
and more current at the expense of nothing. In a more general form, 
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Fig. 96. — Direction of an In- 
duced Current ('aused by a 
Conductor Cutting Lines of 
Force. 
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Lenz’s law could be stated by saying that the current induced by any 
magnetic changes in the regions around a conductor flows in such a 
way as to produce a magnetic field which opposes the change or results 
in motions such as to oppose the change. This is illustrated for one 
case in Fig. 96. The magnetic field II is given by the horizontal lines. 
The vertical wire is being moved outward from the paper as indicated 
by the arrow A, The electrical current generated flows around the 
circuit in the direction of the arrows B and goes upward in the con- 
ductor. The magnetic field produces currents in the wires so that the 
side of the wire outward from the paper has the lines of force flowing 
in the same direction as the applied external field II. From Chapter 
XVII it will be seen that this results in a force on the wire urging it 
into the paper. 


94. MAGNITUDE OF INDUCED E.M.F. 


The magnitude of the E.M.F. may be calculated as follows. The 
magnetic field II of Fig. 97 is represented by dots, the lines of force 
running out of the paper. Two conducting wires connected to a resist- 
ance coil form a sort of track. The 
distance between them is /. A 
conductor C is laid perpendicular 
to these and is moved a distance 
dx parallel to the rails. Suppo.se 
that moving the conductor gener- 
ates an E.M.F. of value E. Sup- 
pose also that this E.M.F. causes a 
current ia to flow through the wire 
during the time dt while the con- 
ductor is moved dx. The work 
done (W) = Edq = Eiadt. On the 
other hand, if the current ia is flowing through the conductor as a 
result of the induced E.M.F., we know that the force /, acting on ia due 
to the field II which opposed the motion will be given by / = ialH, 
therefore the work done {W) = fdx = iallldx. Thus, since this work 
is the same work as that done against the E.M.F., we have 



Fig. 97. — Calculation of the Magnitude 
of an Induced E.M.F. 


Ezaidt — iallldx , 


or 


E = III 


dx 

dt' 


Now Idx is A, the area of the field swept out, but the area of the field 
swept out is nothing else than the change in area inside the circuit, 
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and multiplying this change in area by the number of lines of force per 
unit area we have the change in flux through the circuit. If we let 
Hldx = d<p^ the change in flux, our equation becomes 



that is, the E,M.F, is rate of change of flux in the circuit. 

There is thus a current set up by the E.M.F. E caused by cutting 


d(p 

of lines of force where — is the rate of cutting the lines of force. 
at 


95. DEFINITION OF E.M.U. OF POTENTIAL 

We can then define the electromagnetic unit of potential by saying 
that it is the potential difference produced by a given rate of cutting of 
lines of force. By this equation E = i E.M.U. of potential when one 
line of force is cut per second. The volt is the E.M.F. produced when lo® 
lines of force are cut per second. This is a definition of potential on 
the electromagnetic system which is a perfectly legitimate one and 
could replace our fundamental work definition. Since, however, it 
is directly related to the work done by means of the work definition 
which we have already given, and inasmuch as it connects our unit 
to the absolute C.G.S. system, the original definition of the unit of 
potential difference on the electromagnetic system is the one which 
will be adhered to. 

96. E.M.F. PRODUCED BY CUTTING LINES OF FORCE 

It makes no difference whether the conductor moves and lines of 
force are cut or whether the lines of force move and cut the conductor. 
This fact has led to a loose definition of the process by which the 
E.M.F. is produced, for it has led to the statement that the E.M.F. 
is produced and is proportional to the rate of change of magnetic 
flux through the circuit. It can be shown that it is not the rate of 
change of flux, but the cutting of the lines of force associated with the 

dip 

rate of change of flux, which causes the E.M.F. Thus — is merely an 

dt 

expression for the rate of cutting of the lines of force. For example, 
it is possible to obtain an E.M.F. by cutting lines of force while the 
flux is not changed through the circuit. In Fig. 98, N is the north 
pole of a soft iron bar magnetized by means of the coil C at its lower 
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end. From this pole lines of force emerge and swing around down 
ward to the south pole. W is an L-shaped 
wire loop whose lower end dips into a trough 
of mercury marked Ilg, pivoted so that the 
loop can turn freely about N. Between N 
and the mercury trough there is connected a 
galvanometer G through a wire. It will be 
observed that as the wire W rotates around 
the magnet as an axis a current is generated 
in the circuit and is recorded by the gal- 
vanometer. It is obvious that since the field 
around the magnetic pole N is uniform, the 
flux through the wire W and through the cir- 
cuit as a whole is constant. That is, the lines 
of force through the circuit do not change. 

The upper part of the wire W, however, is 
continually cutting the downward com- 
ponent of the lines of force emerging from 
Nf with the result that an E.M.F. is 
caused while there is no change of flux in the circuit. 



Fig. 98. — Experiment Show- 
ing the E.M.F. to be Gen- 
erated by a Cutting of Lines 
of Force. 


97. APPLICATION TO EARTH INDUCTOR 

We now turn to an application of the principle of magnetic induc- 
tion which enables us to measure the earth's magnetic field and com- 
pare it to our current measuring system based on the magnetometer. 
The instrument used enables us to determine the earth's field more 
easily and quickly than the absolute magnetometer method. Sup- 
pose we mounted a rectangular coil of n turns about a horizontal axis 
and suppose it placed so that its axis is perpendicular to the lines of 
force of the earth's field. Then, as it rotates about its axis, the com- 
ponents of the n wires of the rectangular coil parallel to the axis of 
the coil cut the earth's lines of force at right angles. An E.M.F. is 
then induced in the coil and may be measured as detailed below. 
This instrument is called the earlh inductor. Assume an earth inductor 
having a coil of n turns, and that the earth's field is IIt- A.ssume 
that the area of the coils is ^4. As the earth inductor is rotated the 
areas perpendicular to the earth's field swept out in equal intervals 
of time dt by the component of the wires parallel to the axis of the 
inductor are not equal. Thus the E.M.F. generated is not constant, and 
we can write for the instantaneous value of the E.M.F. the expression 

d(p dA 
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In the first quarter turn the two ends of the rectangular coil together 
cut an area of magnetic flux A equal to the area of the coil, that is, 
they cut IItA lines of force. In the second quarter turn, the lines 
of force cut are again Hr A for each wire of the conductor, thus 2IItA 
lines of force are cut in one-half turn. In the second half turn, lines 
will he cut with the coils moving in the opposite sense, and the cur- 
rent would flow in the opposite direction. The current can, however, 
be rectified by a commutator. We may consequently confine our- 
selves to the motion for one-half a turn only. The average E.M.F. 
for n wires for one-half turn is then 


E = 


InllrA 


F. 

where r is the lime of one-half revolution. Since ia = — , then 

R 


la 


InlJrA 


Rt 


But 


InllrA . T' TT 

tat = q — — - — in absolute E.M.U. 
K 


Now we can measure q by what is known as the ballistic galvanometer 
(see Chapter XXIII). This is an instrument in which the time of 
deflection is large compared to the time during which q passes. It is 
also an instrument in which there is little damping. In such an 
instrument 

K'TOp'^ 

Here K' is the galvanometer constant, and 0 is the deflection of the 
galvanometer when the field IIt is cut, p is the damping factor and 
T is the period of the galvanometer. Thus, knowing q, Hr can at 
once be obtained. This quantity IIt which is measured is the total 
intensity of the earth's magnetic field. The horizontal component 
H may then be obtained by knowing the angle of dip. 


98. APPLICATION TO A SECONDARY COIL ABOUT A PRIMARY IN WHICH 
THE CURRENT CHANGES 

Another case of interest is one where an E.M.F. is induced in one 
coil of wire by a change of current in a neighboring coil. This case 
is of considerable practical importance in that it is used in the meas- 
urement of magnetic induction and in estimating the values of mag- 
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letic field strengths. Assume that we have the long coil represented 
n Fig. 99 by ni, and that it has tii turns of wire in it. Assume that 
ts area is ^ and that it has a current of i amperes flowing through it. 
U^out it is a second small coil of 112 turns. The ends of this small coil 
re connected to a galvanometer G of the 
►allistic type. While the current i is flowing 
hrough the large coil wi there is a flux ^ 
qual to 

Airfii iA 
10 / 

hrough it, where i is in amperes. If the 
urrcnt in ui be suddenly broken the mag- 
letic flux goes from to 0 in a time r which is 
inknown. The time depends on the way in which a spark is drawn 
lUt at break. Thus on breaking the circuit the average change in flux 
)er unit time is 

ip AwfijiA 

T 10/r 

n one turn of the coil n 2 the average E.M.F. in volts will then be 

^ ATcrixiA 
108 X 10 /r' 

^or 712 turns the average E.M.F. in volts will be 

A’Kn\iAn2 

T T is known, only tlie average value of E 2 , the E.M.F. in the coil 
i 2 j may be computed; for it is obvious that as the current i dies out 
lon-uniformly, the rate of cutting of lines of force will not be uniform, 
ind thus E 2 will not be uniform. The study of i as a functon of time 
vhich would be needed in an accurate investigation of this circuit is 
)nly possible through the use of the cathode ray oscillograph. For prac- 
tical purposes this may not be possible, and we must make use of the 
>ame device mentioned in connection with the earth inductor, i.e., 
:he ballistic galvanometer. Thus, if E 2 is short-circuited through a 
ballistic galvanometer of resistance R the average current flowing 
s then given by 

- E A'Kn\n2iA 
^ WtIR ' 



Fig. 99. — E.M.F. Induced 
in a Secondary ("oil. 
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The quantity Q of electricity in coulombs which flows is therefore 

- 47rnin2iA 

The ballistic galvanometer when calibrated measures Q. Conse- 
quently we can measure the flux through the coil. As was stated 
before, if this flux be measured with iron in the coil and then in the 
abvsence of iron a simple calculation will give the change in flux pro- 
duced by the iron and hence its permeability. If i is in amperes and 
R is in ohms then Q is measured in coulombs. 

99. APPLICATION TO FARADAY’S DISC 

The Faraday Disc. — Faraday was the first to show the continuous 

production of an E.M.F. by cut- 
ting a magnetic field. The square 
TI in Fig. 100 represents a magnetic 
field perpendicular to the plane 
of a copper disc of radius I mounted 
on a horizontal axis C. This disc 
is rotated vso that the angle dd is 
swept out in the time dL Its lower 
end dips In the mercury In the 
trough Hg. The axle and the mer- 
cury trough are connected to a gal- 
Fig. 100.— Faraday Disc. vanometer G. The E.M.F . jEvoltS 

generated will be then given by 

_II_dA 
108 » 

where dA is the area swept out in dt. Now 

dA ^ ds 
~di ^ ^dt' 

where ds is the element of arc swept out in the time dt. But 

ds Ids 
dt dt 

^ __ \Pde 
dt dt 



Therefore 
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Now 6 equals 2jr radians for one revolution. For N revolutions, it 
equals 2irN radians. Thus 


dt 


for N revolutions per second is equal to 2icN. Whence 


As 


£»oiui = \in7rN. 

wP = A (the area of the disc). 




II AN 

io« ■ 



CHAPTER XXI 


SIMPLE DYNAMOS AND MOTORS 



100. DERIVATION OF EQUATION FOR SIMPLE DYNAMO 

In the simple dynamo we have a rectangular coil of wire rotating 
about the axis A normal to the plane of Fig. 101; B and B^ are the 
cross sections of the ends of the rectangle viewed perpendicular 

to the axis at two instants dl apart. The 
sides of the rectangle parallel to the paper 
are of no concern as they move parallel to- 
the magnetic lines of force. The magnetic 
field in which the system moves is indi- 
cated by the horizontal lines 11. The axis 
is perpendicular to these lines as is the 
vertical AC from which the angle 6 of the 
armature with its neutral position C is 
measured. Assume that there are ni turns in 
the coil, that the length of the armature coil 
normal to the paper is /, and that the distance 
from the axis to the coil is r. Assume a field strength II. Eat, the 

dip 

instantaneous electromotive force, is then ni — , where dip is the 

dt 

change of flux through the coil during dt, and «i is thel number of 
turns in the coil. Assume that the dynamo armature revolves 
through an arc ds in the time dt, when it makes an angle of 6 with the 
neutral position. If it moves a distance ds, the distance moved per- 
pendicular to the field is ds sin 6. Since the length of the conductor 
perpendicular to the field II is 1, the area swept out in dt is Ids sin 6. 

The field has a strength II and there are ni turns in the armature, 
whence 

dip n\IIlds sin B 


Fig. 101. — Theory of the 
Simple Dynamo. 




dt 


Now ds * rdS, where r is the radius of the coil, and 

dip ^ ^ fill! sin edd 

Edt = «i “77 = 2rl 7 ^ , 

dt dt 
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for the whole coil since the wires B' at the other end of the coil are also 
producing an equal E.M.F. in the same direction. 

Again, 


(id 

dt 


= 2tN, 


where N is the number of revolutions per second, so that in volts, 

IrlNITlTrnx sin 6 




10 « 


Now Irhii — A where A is the total area of the ni turns in the 
armature. Then 

IttA NTT s\n 0 


Bviit — 


nr 


It is thus .seen that the E.M.F. generated by the dynamo depends 
on the angle on the number of revolutions per second iV, on the 
field strength //, and on the total area A of the armature. 


101. DYNAMOS, ALTERNATING CURRENT, AND DIRECT CURRENT 

We now turn to the (luestion of dynamos and generators. It was 
found above that the E.M.F. of a simple dynamo was given by the 
expression 

2wn]NTTA\ 

^ — To^ — """ 

where N was the number of revolutions of the dynamo per .second, 
7ii the number of windings in the 
armature, IT the magnetic field 
strength, and Ai the area of the 
armature. It is seen tl at the E.M.f\ 
varies as the sine of the angle. If 
the E.M.F. generated by the coil 
were picked up by two brushes 
on the armature mounting making 
sliding contact with two rings con- 
nected to the two ends of the arma- 
ture, one would actually get an elec- 
tromotive force which varies sinu- 
soidally with the angle of the armature and consequently with the 
time, as seen in Fig. 102^4. Dynamos of this sort are used to a very 
great extent in generating power for transmission. Power of this sort 
can be generated at high potential and transmitted to stations where 



Kic,. 102. — E.M.F. of a Simple Dy- 
namo. /I, From Collector Rings. B, 
Rectified by a Split Ring Commutator. 
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the potential is lowered by transformers to enable it to be used for 
lighting circuits. The equation below may be simplified to a more 
general form for the average E.M.F. given by a generator by replacing 
the quantity lirllAi by a quantity U which is the average number of 
lines of force cut by a single wire of the armature in one revolution 
multiplied by Itt. The expression then becomes 

s>n e, 

and the maximum E.M.F. becomes 


E 


max 


niNU 
108 » 


where Emax is the value of Evdt when sin 0 — 1. Use will be made of 
this expression later on. 

In order to generate a direct current irom a dynamo use must be 
made of the commutator. This consists, in the case of the simple 
dynamo above, of a ring cut in two equal segments by saw cuts parallel 
to the axis at the ends of a diameter of the ring. The one segment 
is insulated by a small gap from the other segment. One end of the 
armature winding is attached to one segment; the other is attached 
to the other segment. Two fixed brushes at opposite ends of a diame- 
ter attached to the armature mounting make contacts with the ring 
so that as the armature turns through the position where it starts to 
cut the lines of force in such a way so as to reverse the flow of cur- 
rent, and thus reverse the potential, the commutator brushes make 
contact with the opposing segment. Thus one brush continually 
picks off only the positive side of the sine curve and the other brush 
picks off only the negative side. Since, however, there are positions 
where sin 0 is 0 it is seen that there are points in the revolution at 
which the potential difference between these two brushes is 0. If 
we again plot the potential difference against the time we will find 
a variation as indicated in Fig. 102E instead of the sinusoidal varia- 
tion shown in Fig. 102.4. 

Such an electromotive force would give a fluctuating current 
through the circuit. To overcome this we multiply the number of 
coils in the armature. By multiplying the number of coils, which also 
means multiplying the number of segments in the commutator, the 
commutator segments are continually picking off the electromotive 
force of the coil that is passing through its maximum E.M.F. 

This multiplication of armature coils results in smoothing out the 
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electromotive force given during one revolution, with the result that 
one has, instead of the sinusoidal E.M.F. given by an alternating cur- 
rent dynamo, an E.M.F. of the form shown in Fig. 103. The mag- 
netic field of a dynamo may be excited by the dynamo itself or it may 
be excited separately as occasion demands. Self-exciting dynamos 
depend on their residual magnetism for starting the excitation. There 
is also a class of dynamos so wound that the armature wires do not 
cut the field in the same fashion as for the simple dynamo above. The 
wires are wound around an iron core as shown in Fig. 104. When 
the axis of the core is parallel to the field //, the flux is a maximum. 
When it is at right angles to the field, the flux is 0. Thus the current 



o 


Fig. 103. — Rectified Alternat- 
ing C urrent Using a Split Ring 
Comn^utator and Two Coils 
at Right Angles. 



Fig. 104. — Allern.itive Method of Winding an 
Armature Coil. 


is produced by a changing flux through the armature windings pro- 
duced in a slightly different manner. This principle is also used in 
some high frequency generators in a somewhat different manner. 


102. E.M.F. AND P.D. FROM A DYNAMO, EFFICIENCY OF A DYNAMO 

If we generate an E.M.F. of E volts the current which comes out 
of the dynamo in accord with the same phenomenon discussed at the 
end of Chapter VII will be given by 

. _ E 

Re + Ri 

Here Re is the external resistance of the circuit and R^ is the internal 
resistance of the windings. Again as in the case of batteries the 
potential difference V given across a certain external resistance Re is 
related to the electromotive force by the relation 

Z - • - ^ 

Re Re + Ri 
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If is very large compared to Ri the V approaches £. For an open 
circuit (Re = oo), the V is equal to E. Furthermore, consider the 
expression 

E = Rci Riit 

and if V is equal to Ret, therefore 

V = E - Rd. 

It is thus seen that the potential V given depends on the E.M.F. E 
and on the internal resistance of the dynamo. 

The power output of a dynamo is measured in watts. That is, 
it is measured in joules of energy per second. As will be remembered, 
the watt is the ampere multiplied by the volt, and the output of a 
dynamo would be V in volts times i in amperes. This is known as 
the load on the dynamo. The ideal efficiency of a dynamo is given by 
the expression 

output in joules 

input in joules of mechanical work 

^ output in watts 

mechanical input in joules per second 

Ideally then as Vi is the output, and as all the mechanical work put 
in should give rise to electrical energy, one has input given by Ei. 
I lence 

' ■ Ei Vi + Rd- 

Thus the smaller the Rii^ term, the more efficient the dynamo. As 
the current is determined by practical requirements, U should be as 
low as possible. Practically one cannot write inp\t = Ei, as there 
are other losses of energy besides the i'^R loss in the armature. 

The (lifference between the output of a dynamo and the mechanical 
work performed on it is caused by certain lovsses. The^se losses are as 
follows; 

(a) Loss in iron core of armature due t(^ eddy currents and 
hysteresis. 

(h) Loss due to the iR drop in the field excitation due to R, the 
resistance of the magnet coils. 

(<:) The loss in the copper wire of the armature due to the i^Rx 
heat production in the armature resulting from the flow of current 
against the internal resistance. If a heavy current is being delivered 
this loss is considerable. It is endeavored to make the internal resist- 
ance of the armature winding as low as possible. 
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{d) The loss in friction at the bearings of the armature and at the 
brushes. These losses all appear as heat, and it will be observed that 
operating generators are warmer than the room. In fact, it may be 
noted that most good generators are rated for a given temperature at 
which they should normally run. 

103. RECIPROCAL RELATIONS BETWEEN DYNAMOS AND MOTORS * 

We now turn to the reciprocal relationship of the motor and 
dynamo. If we put a source of electric'al potential across a dynamo, 
the current flowing through the armature of tlie dynamo causes the 
armature to rotate. The dynamo thus acts as a motor. On the other 
hand if we turn the armature of a motor by mechanical means and 
excite the field coils the lines of force are cut and an K.M.F. is gener- 
ated. Whether the dynamo is turned by mechanical means or is 
driven as a motor, the generated K.M.F. is i)icked up by the commu- 
tator. In general, a motor run as a dynamo is not particularly effi- 
cient and the same can be said of the reverse, 'fhe reason for this lies 
in the conditions underlying the usage of the dynamo and motor. 
The dynamo requires, as was previously seen, that the internal resist- 
ance Ri be as small as possible in order that the potential V main- 
tained be as great as possible for the external resistance applied. In 
the cavse of the motor it is evssential that the resistance be compara- 
tively high in order to reduce the current flow and the loss of energy 
in the armature windings. 

If now we place an external potential V across a motor the force 
acting on the armature causes it to rotate, and as the force produced 
is constant the motor armature accelerates. If another action, which 
we will discuss presently, did not occur, acceleration would continue 
until the armature flew to pieces or until friction on the bearings 
equaled the force acting on the armature. However, since a rotating 
armature in the magnetic field of the motor produces an electro- 
motive force, and since by Lenz’s law the electromotive force opposes 
the applied potential causing the motion, it is to be expected that the 
electromotive force so produced will change the net potential and 
therefore cause the motor to cease accelerating. Thus when the 
motor begins to rotate it generates a back electromotive force E' which 
causes a current to flow in a sense opposite to that of the imposed 

* As this course is intended to familiarize the engineering student with the prin- 
ciples of electricity, it has been considered expedient to discuss only those applica- 
tions to engineering which clearly illustrate the fundamental principles involved. 
As a result, this discussion will be confined to only the simple case of motors with 
separate field excitation. 
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potential difference. Since, under these conditions, the only source 
of potential in the motor other than the back electromotive force is 
the iR drop Rd in the armature windings, we can write the equation 
of the motor in the simple form, 


where V is the applied potential and is the back E.M.F. This is 
merely an application of the second of Kirchhoff’s laws to the armature 
of a motor. We can consequently write that 


and that 


F - E' 

^7 


= h 


V = Rd + E', 


104. TOWER CONSUMPTION, EFFICIENCY, AND TORQUE FOR MOTORS 

If we multiply both sides of the equation by i we have 
iV = RiP + Ed. 



The first term iV is the power which is put into the motor. The second 
term Rii'^ is the power loss in the armature of the motor which goes 
to heating the motor, if we exclude eddy currents and other losses. 
The term Ed is the power consumed in forcing the current i against 
the potential E'. This is the electrical power consumed in running 
the motor. Thus 

. work W 
El = -y- = y, = power, 

where T is the time in which the work W is performed. Since work is 
equal to force times distance, W = fs. 

W fs 
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Suppose the motor is turning over and working against the load 
on a prony brake. One form of the prony brake is shown in Fig. 105. 
It will be remembered that the brake is merely a belt placed against 
the circumference of a pulley of radius I attached to the motor. The 
force of the pulley on the belt can be measured by means of a balance 
B attached to the belt. The power output 

T ~ T ’ 


where C is the number of revolutions made in the time T and lirl is 
the distance covered in a revolution, i.e., the distance over which / 
acted in one revolution. / in this equation is the force exerted by the 
prony brake, and is the one indicated by the balance. Therefore, 


K = Me = 


Where N is the number of revolutions per second. 



The quantity// is the force moment or torque G on the motor; that 
is,// = G. As was seen in the generalized equation for the dynamo 

_ n^NU . ^ 

= -TT^T- 


where U was the flux cut by each wire of the conductor in one revolu- 
tion. Since for a D.C. motor, which we are now considering for sim- 
plicity, the E.M.F. is at its peak value, the expression for Ry^ becomes 
n\NU 

Rm&x = r“» and this must be the back E.M.F. £' of our motor. 

10® 


Thus 


and the torque 


We also can write that 


E'i = 


mNUi 

10® 


= IttGN, 


^ in\U 
“ 27rl0®* 


Vi 


Rip + 


n\NUi 

lo^’ 
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and 


V 


Rd + 


NmU 
10 « ‘ 


From the equation for G and that for V, we can draw the following 
conclusions: It is seen that as G gets less the current passing through 
the motor is less. Therefore, for a given potential V, applied to the 
motor, with a decreased current i flowing through it, we have a cor- 
responding increase in the term 


FJ 


or 


n\ N U 
10 ^' 


Thus, the less llie Uvdd the greater and the smaller the current 
That is, as we decrease the load we get a decrease in current through 
the motor, an increase in speed (for increase in 

N}uU 

1()« 


(an only mean an increasc^d N), an^l a decrease in the Rd^ term. 
Since the ideal efficiency of the motor (in the absence of eddy current 
and hysteresis loss) is 


Eff. = 


E'i 

Vi 


Vi ~ Rd'^ 


Vi 


we see that with a lighter load the efficiency of the motor is increased. 

In designing a motor it must be so designed as to reduce the Rd^ 
loss and at the same time to get as high a back E.M.F., E\ as possible. 
In general, the practi('c is to make ni high, to produce a powerful 
field, U, and to run the motor at a high speed. The large number 
of turns n\ make the resistance of the motor fairly high. The limita- 
tion on increasing the efficiency of motors by extending the quantities 
in the direction indicated above is .set by the limit on the speed of the 
motor required for practical purposes and the increase of Ri with too 
many turns. High speed motors require gearing down for practical 
use. 

Gearing down has until recent years been a difficult problem in 
engineering practice. The necessity of proper gearing down of high 
speed rotors was the result of the development of the high-pressure 
steam turbine. Today, the rapid development in this field has led 
to the electrical drive in certain types of steam vessels. Thus, on 
ferry-boats and on certain battle-ships, the electrical drive is being 
used because of its great flexibility. The electrical drive is especially 
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Important in the application of Diesel motors to ships inasmuch as 
these motors are not capable of flexible maneuvering. The gearing 
down, however, has the disadvantage of increasing frictional losses 
as well as wear and tear on the moving parts which can break down. 


105. STARTING BOXES 


It is obvious that if we suddenly close a switch, putting a potential 
V on a motor, a current 


V 

Ri 


flows through the armature windings. As the resistance is after all 
comparatively low the high voltage which is applied to the low resist- 
ance Ri before the motor begins to turn over may give a current great 
enough to melt the wires of the armature. When running at full 
speed the potential forcing current through the motor is V — £'. 
The current i is thus decreased, the i-Rt heating is then very much 
less and the motor operates safely. All heavy motors which are vslow in 
gathering speed are therefore provided with a starting box. Such a 
starting box consists merely of a series of resistances which limit the 
maximum current i flowing through the motor armature. As the 
speed increases, each plug of the starting box gives a progressively 
lower series resistance and the motor is enabled to pick up speed 
without burning itself out. 
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106. INDUCTION AND MUTUAL INDUCTION 

We now turn to a new concept in electricity and the last of our 
derived units. In 1831, Faraday found that when magnetic lines of 
force are cut by a conductor, an E.M.F. is generated. Lenz's law 
stated that an induced E.M.F. must be of such a sign that the cur- 
rent which it causes to flow will flow vso as to make a magnetic field 
which maintains the previous condition of the circuit. That is, if we 
let lines of force due to the disappearance of a magnetic field cut a 
conductor the current will flow in the conductor in such a sense as 
to try to maintain the magnetic field which is disappearing. Again, 
if we make a magnetic field in a region where there was no field before 
in such a manner as to cut an electrical wire a current will flow in 
the wire in such a sense as to make a magnetic field tending to annihi- 
late the field whose creation is causing the current. Thus, if we have 
two neighboring circuits, one of them in which a current can be made 
or destroyed, there will be produced in the other a current making 
a magnetic field in such a sense as to oppose any change in the initial 
conditions. Such a type of electromagnetic induction is called mutual 
induction. 

We can compute the value roughly in the following way. Con- 
sider a coil 1 with a current ii flowing in it and assume that there are 
ni turns in that coil. Assume that it is near another coil and that to 
insure the same flux through both coils they be wound around a com- 
mon iron core. This second coil 2 has n 2 turns in it. The flux in the 
iron due to the current ii in amperes will be 

Airuxii 
lOZ ’ 

where Z is the reluctance of the magnetic circuit. If the current ii be 
suddenly stopped the average rate of a change of flux through both 
circuits is given by the expression 

dip A:Trn\i\ 
dt "" lOZr ’ 
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where r is the time taken for the current to die out. In each of the 
W 2 turns of the coil 2 an E.M.F. will be induced equal to 


d(p 


volts. 


The average E.M.F. in volts in coil 2 is therefore 

E2 

This will cause a current 

^2 

where R is the resistance of the circuit connected to 2. This current 
is the average current which will be generated while the current ii 
changes from ii to 0 in time r. Since this current is changing in value 
continuously we generally find it more accurate to speak of the instan- 
taneous electromotive force 

^ uxu^dix 

and likewise, the instantaneous current pz will be given by 

IT' 

dix 

In both the expressions there is a variable term — which depends on 

dt 

the rate at which the current in 1 dies out. There is also a constant 
factor 

4t tixtiz 


47r nxnoix 
Zr * 

R 


which is a characteristic of the two circuits involved. It is seen that 
the instantaneous E.M.F. therefore is made up of two factors: the 
rate of change of current and a common factor characteristic of the 
shape of the circuit. 

The ratio of 

finst. __ 47r t iifiz 

dt 

is called the coefficient of mutual induction and is designated by the 
symbol M, M, the coefficient of mutual induction, is thus a new constant 
characteristic of the two circuits. We have now introduced the notion 
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of a new derived unit; namely, the unit which is defined as the ratio 
between the electromotive force produced and the rate of change of 
current in the activating circuit. It is seen that this is a derived unit 
involved in the case of transient currents only, and it depends, as is 
the case with all our derived units, on the dimensions of the circuit. 

107. SELF-INDUCTION DEFINED 

In the light of this we may now consider a still simpler case. A 
circuit has a current i flowing in it. Assume that i begins to die out. 
The magnetic field produced by the current i is now collapsing and 
the circuit is being cut by its own lines of force. By Lenz’s law, this 
generates an E.M.F. tending to keep the current flowing. Thus, as 
the current is l)roken an E.M.F. is set up tending to maintain the 
current in its former state or vice versa. If we create a current in a 
wire an E.M.F. is set up opposing the flow of the current. That is, 
every circuit has in it an electrical inertia tending to oppose any change 
in the^ electrical state of that circuit. Thus, every circuit has an inertia 
which causes it to oppose any change in the state of the current within 
the circuit. This type of induction is known as self-induction because 
a change in the current induces a current in the circuit itself. Call 
<p the magnetic flux for a unit current in a given circuit. As the cur- 
rent i in the circuit changes, the flux tp is being changed. Therefore 

(pdi 

an E.M.F. of self-induction E = is set up. The flux for unit cur- 

dt 

rent change is the self-induction. Symbolically, 

E 

= ip = Ly the self-induction. 

dt 

dt 

108. UNITS OF SELF-INDUCTION 

The absolute unit of self-induction on the electromagnetic system 
would be the self-induction which causes one absolute electromagnetic 
unit of E.M.F. to be induced in a circuit, when there is a rate of change 
of current in the circuit of one absolute electromagnetic unit per second. 

The practical unit of self-induction is the value of the self-induction 
when one volt of potential difference is produced while the current is 
changing at the rate of one ampere per second. That is, L equals one 

practical unit when E equals one volt, and y = one ampere per sec- 
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ond. This unit is called the henry in honor of Joseph Henry, the 
American physicist, who first studied the properties of self-induction. 

Since the volt is 10* absolute electromagnetic units of potential 
and the current in amperes is 0.1 of an absolute electromagnetic unit 


10 * 

of current, the practical unit, the henry, equals = 10® absolute 


electromagnetic units of induction. Thus the henry is a very large unit. 
The question next arises as to what the dimensions of self-induction 
are. Electromotive force, E, is work per unit quantity of electricity. 
Hence 


E = 


W 

Q 


in the electromagnetic system. 


Current i has the dimensions The quantity 


(it 

dl 





Self induction L has therefore the dimensions 

E r • u . 

7"- == , = E, m the electromagnetic system. 

dt Ar^L^‘T~- 

dt 


The electromagnetic unit of self-induction is therefore the centi- 
meter, and the henry is 10® cm. The electrostatic unit of potential 
is 3 X 10*® electromagnetic units of potential, and since the electro- 
static unit of current is 

1 

3 X 10‘® 

electromagnetic units of current, therefore electrostatic unit of self- 
induction is 9 X 10®® absolute electromagnetic units of self-induction, 
or 9 X 10®® cm. 

It is thus seen that the electromagnetic unit of self-induction is 
the smallest of the units of self-induction. It is this unit which has 
the absolute C.G.S. unit of length as its value. Thus, the electromag- 
netic unit of self-induction has the value of a cm, the henry is 10® cm 
and the absolute electrostatic unit of self-induction is 9 X 10** henrys. 

A milli-henry is 10“* henry, and a micro-henry is 10~® henry, 
hence a micro-henry is 1000 cm. 
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109. NATURE OF SELF-INDUCTION 


Since L depends on the magnetic flux through the circuit which 
disappears when the current is changed, self-induction must depend 
very much on the form of the circuit. In the circuit of Fig. 106^, it 
will be seen that since the area enclosed in the circuit is practically 0, 
the self-induction will be practically 0. In the circuit of Fig. 106-B, 
the self-induction will have a finite value depending on the area and 
the shape of the coil. The form of winding which doubles the wire 
back on itself allowing it to encompass a minimum of area, because 
of its low value of self-induction, is called a non-inductive winding. 
These windings are used in the making of resist- 
ance coils for resistance boxes. The value of L 
may be computed for certain very simple circuits. 
This has been done for coils of various shapes 
and sizes, and the information concerning such 
coils can be found in the bulletins of the Bureau 
of Standards. (Publications of U. S. Bureau of 
Standards, Scientific Papers, S 169, Dec. 18, 1916.) An analysis of 
this computation, which in most cases is exceedingly complex, must be 
left for more advanced courses. Of course, the presence of ferromag- 
netic substances increases L very much. 

From what has been said about the value of the mutual induction 
we can set up the approximate expression for the value of the self- 
induction in the case of a circular coil of wire wound in such a manner 
as to have a calculable reluctance. The accuracy is limited by the 
closeness of the winding and the relation of the diameter to the length 
of the coil (i.e., end effect corrections). For a conductor of n turns 
having a current which changes by di in a time dt we have 


Fig. 106. — Effect of 
Shape on the Value of 
Self-Induction. 


dip 

dt 


47r n di 

ibzJt' 


As each of the n turns is cut by d<p when the current changes di in a 
time dt^ the E.M.F. JS' of self-induction in volts is given by 

_ n^ di _ 

whence 

“ i^Z’ 

The units will be centimeters since Z is expressed in terms of electro- 
magnetic units. 
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The self-induction is of prime importance in the study of transient 
or alternating current phenomena. In a sense, it acts like an inertia 
and as an inertia it will lead to electrical oscillatioiivS when introduced 
into the proper circuits. The importance of self-induction will be 
seen when the chapter on alter- 
nating current phenomena is 
reached. Needless to say, it is 
not important where we are deal- 
ing with steady or direct cur- 
rents except during the short 
interval while the current is being 
made or broken, A striking ex- 
ample of the E.M.F.of self-induc- 
tion is shown in the apparatus 
depicted in Fig. 107. In this a 
coil L with an iron core having a 
coefficient of self-induction of 
about 1 henry is connected to a 
switch S by which a direct cur- 
rent can be sent through L, 

Across L and in parallel with it 
is E, a small electric lamp. When 
5 is closed with the steady cur- 
rent flowing, E glows dimly; on 
breaking the circuit by opening 
S, E will be observed to flash up 
brightly an instant before it goes out. This is due to the heavy 
current sent through E due to the self-induction of L on breaking the 
current at S. 

110. SELF-INDUCTION AND ENERGY LOSSES, EDDY CURRENTS 

Induction and self-induction effects lead to many phenomena. 
One of these is of great importance because it causes energy losses. If 
we have a continuous metal body and place it in the neighborhood 
of a conductor with an alternating electrical field, induced currents 
are set up in the solid conductor which passing through the resistance 
cause heat production in the solid body. They are termed eddy cur- 
rents. The heat production caused may be very intense and results 
in a loss of energy to the circuit acting on it. In fact, these induction 
effects are used frequently to heat bodies to exceedingly high tem- 
peratures in vacuo, and they are known as induction furnaces. In 



Fig. 107. — Illustrating the Effect of Self- 
Induction L on a Lamp E, 
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such furnaces, high potential, high frequency electrical oscillations 
are set up in a coil surrounding the body to be heated. The eddy 
currents in this body will raise it to enormous temperatures. An 
excellent example of the effect of eddy currents is illustrated by the 
apparatus shown in Fig. 108. In this a pendulum, having a replaceable 
disc A which permits it to .swing through a magnetic field II produced 
by a powerful electromagnet perpendicular to the plane of the draw- 
ing, oscillates for a considerable period in the absence of the field. 
The energy of the motion is then damped only by the friction in the 
bearing P. When the field is put on, the cutting of the magnetic force 
lines by the di.sc A as it swings through the field generates currents 
in A which are short-circuited in the highly conducting material. 
The energy of motion is thus completely consumed as A passes through 



I'lc. 108. — l^aniping Effect of Eddy Eio. 109. — Use of the Induction Furnace 
Currents. in Outgassing an X-ray Tube. 


the field //, and the disc acts as if it were cutting through a viscous 
liquid. If the di.sc A be replaced by the slotted disc C which reduces 
the scope of the eddy currents, the damping is much decreased and C 
will execute several oscillations before coming to rest. In Fig. 109, 
there is depicted an exhausted x-ray tube, fastened to a pump, having 
a metal anticathode C which is to be outgassed and heated to incan- 
descence. About the tube is wound a coil A which is connected to a 
high freciuency source of oscillations having considerable energy. 
The high frequency oscillations cause a rapid change in flux through 
the metal C, thereby generating numerous eddy currents which being 
short-circuited rapidly raise the metal to incandescence. 

All iron cores in motor armatures and in transformers are subject 
to such losses as they permit the existence of small local eddy currents 
of self-induction. The losses may become quite great and reduce the 
efficiency of the transformer. It will be seen that the cores of trans- 



SELF-INDUCTION AND ENERGY LOSSES, EDDY CURRENTS 265 


formers and armatures of most motors are made up of groups of wires, 
or thin laminae of iron, separated from each other by shellac or some 
insulating body in such a way that the main induced currents in the 
wire cannot be set up, at the same time permitting the lines of mag- 
netic flux to pass through the iron without interruption. In Fig. 110^4 
is shown the frame of a transformer, while in Fig. llOi? the end on 
view of the same transformer show\s the laminated structure of the 
iron core C. It is seen that the eddy currents set up by the field in I 
would be such as to Cciuse eddy currents to flow in the sense of the 
circular arrows E in C. The insulated laminations prevent this. 
The side view of the same core indicates that at the same time the 



Fig. 110. — Illustrating the Laniinated Strucliiro of a Transformer ('ore. 


continuity of each iron lamina insures a maximum of magnetic con- 
ductivity. 

Another case of the manifestation of these eddy currents is in the 
damping produced by them. If one pass an instantaneous current 
through a ballistic galvanometer, then upon opening the circuit the 
galvanometer coil will oscillate back and forth until the friction in its 
suspension exhausts the energy applied. This may take hours. If, 
however, the galvanometer be shunted by a resistance the oscillations 
rapidly cease. The reason for this is obvious. The coil oscillating in 
the magnetic field sets up induced currents which in the coil and 
resistance are changed to heat. The heat energy thus generated uses 
the energy of vibration of the galvanometer in the production of these 
electrical heating effects, and the oscillations cease. 
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111. THE INDUCTION COIL 


Another use of the property of induction is in the induction 
coil. In this instrument we have a primary coil I connected to a fairly 
high current source of potential. This primary circuit /, Fig. Ill, is 
interrupted by some automatic breaking device B such that the cur- 
rent can be periodically made and broken. About the iron core C on 

which the primary is wound 
there are many turns of 
wire «2 in another coil II 
called the secondary. The 
change of current and con- 
sequently of flux in the 
primary circuit results in 
the cutting of the sec- 
ondary circuit by the mag- 
netic field and causes mul- 
tiplication of the number of 
turns cut by the magnetic 
flux to a high degree. On 
the basis of the analysis of 
mutual induction which has gone before, if we endow this secondary 
coil II with many turns the electromotive force £2 set up in it is 
equal to 

47r 11x712 di\ 



Fig. 111. — Diagram of an Induction Coil. 


10^ Z dt 


volts. 


If we use a small ni the potential necessary to drive a current ii through 
it need not be very large. On the other hand, the potential £2 coming 
from the many turns 712 of the secondary will be very high. It is, of 
course, necessary that Z be small in order to increase the magnetic 
flux. If ni is very great the self-induction of the primary is going to 
retard 

dii 

It' 


and consequently reduce the value of £2. Thus, in the induction coil, 
we have a small number of turns fii and a high current in the primary, 
a fairly high magnetic flux, and a large number of turns 712 in the sec- 
ondary. The primary current is very much more effective on the 
breaking of the circuit than on the making of the circuit, for in the 
breaking of the circuit, the collapse of the field is very rapid, while 
the growth of current is retarded by the self-induction of / and the 
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mutual induction of I and 11 . The only factor which hinders the col- 
lapse of the current on breaking is the drawing out of an arc at the 
break. This can be prevented by placing a condenser D across the 
primary terminals which cuts off the flow through the arc, and there- 
fore increases 

dii 

Yt' 

Thus the electromotive force obtained from an induction coil is 
almost unidirectional, for the break of the circuit causes the main 
increase in secondary potential. 


112. THE TRANSFORMER 


The principle of a transformer is similar to that of the induction 
coil except that in this case the make and break of the induction coil 
is done away with, and the current fed into the transformer is a sinu- 
soidal alternating current. The theory of the transformer is, how- 
ever, very complicated owing to the effects of self-induction, mutual 
induction, and impedance on the oscillations. In these transformers, 
to increase efticiency, the magnetic circuit is generally complete, the 
windings being on a continuous ring of metal. Since the power put 
into a transformer in the primary is given by E\iiy where Ei is the 
potential across the primary and h is the current in the primary, and 
since the output of power in the secondary can never exceed the input 
of power in the primary, we have the limiting condition that £2^2, the 
electromotive force and current in the secondary, arc related to those 
in the primary by the equation 


£ 2^2 = Eiii 

£2 ii 
El i2 


If the efficiency of the transformer is Eff., then 


or 


£2^*2 = Eff. (£iii). 


S-EH.i. 

£1 t2 


The decrease in efficiency is due to a small loss caused by hysteresis 
effects in the iron core of the transformer, and while the loss is small 
the equation to be correct must contain the factor for this energy loss. 
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It can be shown from the theory that for open circuit work, or with 
a high resistance in the secondary, when there is a resistance in the 
primary, as is the case in induction coils, the ratio of E 2 to E\ 
approaches the ratio » 2 /wi, where W 2 is the number of turns in the sec- 
ondary and Hi is the number of turns in the primary. This follows 
from the fact that the same Hux passes through both primary and 
secondary coils. Thus since the induced E.M.F. in the secondary is 
proportional to the flux and the number of turns, E 2 = A<pn 2 f and the 
flux is proportional to the E.M.F., and number of turns in the primary 
(this holds only approximately as resistance and leakage reactance 
change this somewhat), Ei = A(pn\, therefore one can write 

El n\ n2E\ 

— = — or Eo = . 

E) n2 ni 

For open circuit work the assumed conditions are met, and the law 
holds fairly well. As soon as a load is drawn the two equations 
assumed cease to hold with much precision and the statement is not 
strictly true. In general, the efficiency in the transformers in com- 
mon usage is very high. The loss of energy in eddy currents and heat- 
ing amounts to less than 4 per cent. Many transformers are 98 per- 
cent efficient. 
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THE BALLISTIC GALVANOMETER— TRANSIENT PHENOMENA 

113. THE BALLISTIC GALVANOMETER 

An instrument of great importance in the measurement of elec- 
trical phenomena where currents change rapidly with time merits 
special consideration. This is the ballistic galvanometer. In Chap- 
ters XX and XXII, where induced currents were discussed, it was 
seen that the induced electromotive force generated was a function 
of the time rate of change of the current. In most cases this is not con- 
stant and is too rapid to follow by any instruments readily available 
(it can be studied by the oscillograph). The difficulty is overcome 
in many cases, as stated in Chapter XX, by letting the electromoti^'c 
force generated cause a current to flow through the resistance coil 
of a galvanometer which is little damped y whose period is long com- 
pared to the duration of the current. Such a galvanometer is called 
a ballistic galvanometer. The instantaneous current idt flowing gives 
an instantaneous force which acts on the galvanometer coil for the 
time dt during which it flows. The product of fdi times the time 
interval dt gives the impulse communicated to the coil at that instant. 
The sum of all the impulses over the time the current flows gives the 
total impulse given the coil, or the momentum communicated to it. 

The sum of all the currents times the same time intervals dt gives 
the total quantity of electricity passing through the system resulting 
from the electromotive force generated. Thus one can write that 

Q I idtdt and this is proportional to 

Jo ^ 

given the coil. The momentum causes the coil to swing to a point 
where the kinetic energy of rotation given to it by the field is changed 
into the potential energy of the twisted suspension. This deflection, 
or “ throw,” of the galvanometer is related in a definite way to the 
momentum given and therefore to the quantity passing. 

Thus by measuring the ” throw ” of the galvanometer, one can 
measure Q and therefore determine some of the constants of the cir- 
cuits studied in Chapters XX and XXII. In fact the ballistic gal- 
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vanometer is often used in determining the coefficient of self-induction 
and in a study of induced currents. 


114. DERIVATION OF THE EQUATION OF THE BALLISTIC GALVA- 
NOMETER 


In Chapter IX, the couple acting on the galvanometer coil of 
effective area A (area multiplied by the number of turns of wire), 
when a current idt flows through in a field //, was given by Gat = idtAIL 
The force moment times the time dt over which the current has the 
value idt (the instantaneous impulse), is then given by 

Gdtdt = idJIAdt, 


Since the total impulse given the coil from the time 0 when the cur- 
rent starts to the time t when it has ceased is the sum of all the ele- 
mentary impulses times their time of duration, one may write for the 
impulse 

Gdtdt == All 

But I ididt is nothing other than the total quantity of electricity 

Jo 

which has passed, namely, Q: whence 
a = IIAQ, 




Now by Newton’s second law, force times time is ft = mat = mv, 
mass times velocity, or momentum. By analogy one may write for 
the case where the force acts on a lever arm r, that frt = mart = mvr. 
ds ds rdO , r^dO 


But = -- -— = — and vr = 
dt dt dt 


dt 


or where co is the angular 


velocity. This may be written frt = Now mr^ for the simple 

case above, representing a mass m at a distance r, is the moment of 
inertia /. It accordingly follows that we can write that the impulse 
is frt = /co. 

By analogy to this the couple times the time Gt is the impulse 
and must equal the moment of inertia of the coil times the angular 
velocity produced. Thus one may write 


G/ = 7a, = AIIQ, 

Again by Chapter IX, we have the galvanometer constant K' given by 
X' = To/ AH, whence AH = To/X', 
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and 


Q = K'^ 


To 


Now w cannot be measured directly. But the quantity measures 
the kinetic energy of the coil just after the impulse has been given it. 
This causes the coil to deflect until the potential energy of the system 
equals the kinetic. The potential energy of the twisted suspension 
is the average torque times the angular displacement. At the rest 
point the torque is 0. At an angle d it is Tod by Hooke’s law. The 

T'oO “f" 0 

average torque is then = ^TqO. The displacement is d. 

2 tj 

Thus the potential energy is ^ToO^ and this must equal Accord- 

ingly one has 




and 


Therefore 


=4 


e - 

To get the ratio one need only remember that the period of 

an oscillating ^system Ti = 27r\—. (See Chapter IV.) 

Thus the quantity Q of electricity which passed is given by 

K'0Ti 
^ Itt * 


Thus from the “ throw ” 6 of the ballistic galvanometer, its period 
of oscillation Ti and its constant K', one can determine Q, the quan- 
tity which passed through its coil in a time short compared to its 
period. The quantity Q will be in coulombs if K' is measured in 
amperes per unit deflection. If K' is measured in absolute units, 
Q will be in absolute units. 


* The equality stated applies to the maximum potential and maximum kinetic 
energies in oscillatory motion which occur at maximum and 0 deflection, respectively. 
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115. DAMPING 

This equation is subject to one correction. The coil does not 
oscillate perfectly as a simple harmonic oscillator. That is, the sec- 
ond swing in the direction of the initial deflection is not quite as great, 
and each succeeding swing to one side is less than the preceding one. 
This is due to a frictional loss of energy in the suspension and to the 
action of the viscous drag of the air on the coil. The energy of oscil- 
lation is gradually converted into heat and the oscillation is said to 
be damped. 

The result of this damping is that even the first throw of the gal- 
vanometer has not the true value which it would have had in the 
absence of damping. To calculate Q, the damping of the system must 
be known and the 9 observed corrected for it. 



A simple harmonic oscillator has a displacement given by 

. 2wt 
9 = 9o sin — , 

where T is its period, / the time at which the deflection is measured, 
9o its maximum deflection, i.e., that when t = 774 or an odd multiple 
of r/4. For a damped oscillation the equation becomes 

9 = 9Qe~^ sin 

That is, the deflection ^ at a time t is changed from the value it would 
have in an undamped oscillation by the quantity e~^ where e is the 
base of the natural system of logarithms, / is the time and p is a con- 
stant. e~^ is called the damping factor. It is seen that as t increases, 
decreases indefinitely. That is, the throw at any time t will be 
diminished in the ratio of the ordinate of the exponential curve at 
plotted in Fig. 112, to unity; its value at / = 0. At successive quar- 
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ter swings, that is, from the rest position to its maximum deflection 

T T yr 

or the reverse, the times will be t = 0, /i = /2 = ”, h = — , /4 = 7 , 

4 2 4 


5T 3 T 

is = — , /g = etc.; and the corresponding deflections ^o, 6\, 02 , 
4 2 


$ 3 , ^ 4 , etc., will decrease as shown in the diagram of Fig. 112. The 
ends of the swings on either side will be on an exponential curve, 

The ratio of any two successive maximum throws will then be given 


by 


01 


_ 

0oi~ ^ 


03 __ ^5 
0S 07 


pT 

The quantity d is called the decrement of the system, and log 

pT 

d = log e 2 = — is called the logarithmic decrement. Thus on any 


throw from 0 to an amplitude 0 the value of 0 observed must be mul- 

pT_ 

tiplied by Vt/ = e ^ . To get dy it is necessary to measure merely 
the value of the two successive throws on the same side of the rest 
point, that is say 0i and 0s* Then 


Therefore 


01 
0 s 


pT 

0()e ^ 
0oe ^ 




d^. 



Since the difference in 0i and 0s for a good ballistic galvanometer is 
so small that the measurement is uncertain, it is common practice 
to take the amplitudes after say five successive complete swings. 
In the figure, with the notation used, this would mean measuring the 
amplitude of 0 i and 02i- 
Then 


1l 

021 


-pT 

0oe 4 20 pr 

: = 4 

-21pr ^ 

doe 4 




Hence 


10 01 
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And to get true undamped Ox, Ox observed must be multiplied by 

This can be generalized so that for values of On and Om where n and m 
are any whole numbers corresponding to the initial and final swings, 

properly counted, The correct equation for the ballis- 

tic galvanometer is then given by 

K'TlO/m-nr^\ 

2 

where 0 is the first swing. It should be noted that Q will be in the sys- 
tem of units that has been measured for. If K' is in amperes, Q 
will be in coulombs. 


116. TRANSIENT PHENOMENA 

The definition of the derived unit, the coefficient of self-induction, 
enables us to investigate many new phenomena which have been inac- 
cessible to us until now. To this class belong 
the phenomena known as transient electric 
phenomena. Since they involve the use of the 
concept of self-induction, they can help us to 
understand the nature of its action, as well as 
teach us new facts about electricity. It is 
therefore worth while to discuss two of these 
which are quite simple and illustrate admir- 
ably what happens in a circuit just after a 
contact is made or broken when self-induction 
or capacity are in the circuit and before the circuit reaches a steady 
state. 

Case /. A Circuit with Self-induction and Resistance. — Regard 
the circuit pictured in Fig. 113 with a resistance i?, a self-induction L, 
and an electromotive force E. Let the key be closed at A . The cur- 
rent begins to flow in the circuit. As it is building up, an E.M.F. of 
di 

self-induction -L-j is built up to oppose the growth of the current. 
dt 

The current was built up through the action of the impressed E.M.F., 

di 

E. Thus we have £ — L-j as the E.M.F. in the circuit. By Kirch- 



Fig. 113. — Circuit with 
Self-Induction and Re- 
sistance. 
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hoff’s second law this at any instant must equal the iR drop in the 
resistance. Hence one can write 

di 

L~ + Ri = E. 
dt 

This is what is known as a differential equation. To integrate it one 
may rearrange it as follows : 


L 

This may be transformed to 



dt, for di = 




L 


The integral of this is 



in analogy with the operation 



= -t + K, 


= log x + k, 


where K is a constant of integration. This K can be evaluated as 
follows. When / = 0, the key was open and i = 0. Putting these 
values into the equation, 



, E- Ri 

log— g— 


-Rt 
L ' 


or 




and 
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This says that i, at any time /, is io = the maximum value the cur- 

R 

rent can have in the circuit when it reaches a steady state, multiplied 

~Rl 

by unity less a factor e ^ which decreases with time and is never greater 
than unity. For small values of /, it is nearly unity and decreases with 

time to 0, so that the current rises from 0 at ^ = 0 to — for the case 

R 

p 

that ^ = 00 . The curves obtained from this for various values of ~ 

■Li 

are seen in Fig. 114. The smaller — , the less the current rises for a 

■L 

given t. That is, the greater the self-in- 
duction relative to the resistance the more 
slowly the current ri.ses. Thus L acts as 
an inertia tending to resist the establishment 

of the current. The inverse of -r, that is. 



Fig. 114. — Rise of the Cur- 


— is called the time constant of the circuit. It 

rent in a Circuit Containing ^let^rmines how rapidly the Current will 
belMnduction and Resist- . . . i i • r . i 

change with /, and the time tor a given change 

is greater, the greater the time constant. 

If the key k had been closed at A and the current was flowing, 
breaking the key at A and connecting it to B would produce the fol- 

p 

lowing situation: at / = 0, i would be Then i would begin to die 

R 

di 

out, but an E.M.F. of self-induction would be generated trying 

dt 

to maintain the current. As opening the key removes the impressed 
E.M.F. one has £ = 0. The current flowing i, and the E.M.F. of 

di 

self-induction would both act in the same sense, as L— is trying to 


dt 


maintain the current. Thus 


_ dv , JL dh 

L — + = 0, and -7 = dt, 

dt R t 


whence 


- log i = - t + K. 
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Now when 

Thus 

and hence 





^ ^ log to, 


log ^ = 


-R 


-R 


to 


- /, or i = ioe ^ = 


E 


It is seen that again the smaller y, the less i will decrease for a 

given t. So that again self-induction acts as an inertia tending to 
maintain the current. The curve of the decay of the current is seen 

in Fig. 115 for various values of 

Case IL Charging a Condenser , — There is another simple case 



Fig. 115. — Decay of a Current 
in a C’ircuit Containing Self-In- 
duction and Resistance. 


Fig. 116. — Circuit for ('barging 
and Discharging a Condenser 
through a Resistance. 


which merits treatment at this point. It does not involve the use of 
self-induction, but indicates in an interesting fashion the action of a 
condenser on transient currents. Consider the circuit pictured in 
t'ig. 116. The condenser C is in series with a resistance R and a bat- 
tery E, fe is a key which, to begin with, can be considered open. If 
it makes contact at A, the battery E charges the condenser. If it 
makes contact at 5, the condenser discharges through R, The charge 
on the condenser is 0 at the instant the key k is closed at A. Then a 
current begins to flow charging the condenser up. In charging up 
the condenser, an E.M.F. opposing the flow of the current is built up. 
The back E.M.F. due to the charge on a condenser is given by the 
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relation E' = — , where Q is the quantity and C is the capacity. Thus 
Kirchhoff s second law may be expressed as 


Now 


Therefore 


E- E' = Ri, 


Q = I idt, or i = 




dt ’ 


dO Q 
E— + ^ = E. 
dt C 


Algebraic transformation permits us to write 



E Q/C 


R 

and integration yields 


dt 


CR\og{ ^ =-t + K. 


As 0 = 0 at 


and 


/ = 0 , 

CR log ^ 


log 


E-QIC 

E 


K 

-t/CR 


or 


Q 



But EC = Qo, the final charge on the condenser; and we can write 

Q = <2o^i - 

This says that the charge on the condenser at .any time t is Qo, the 

- t 

final charge when t = co , less Qoe^^. That is, the greater C and the 
greater R, the more slowly does the condenser charge up. 

For the case where the condenser is charged and the battery is 
removed, letting the condenser discharge through a resistance R, one 
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throws k from A to B. In this case £ is 0 and one had the E.M.F. 
E' = Then as the only other E.M.F. in the circuit is the iR drop, 
the equation is the same as before with £ = 0. Hence 

= ,2^0. 

whence 


\ogQ^- — + K, 

and a.^Q = Qo at t = Q, K = log Qo. Thus 


The charge therefore falls off exponentially with the time and falls 
the more slowly the larger C and R, Thus the condenser acts to delay 
the arrival of a steady state where quantity is involved. It causes poten- 
tial to huild up slowly and to disappear slowly. 

It is of interest to see how the current varies in this case. The 
current equations may be derived at once from the quantity equa- 

dQ 

tions above. Since i = — , one has for the case of charging a con- 

dt 


denser 


and for discharge, 


As E 


— , then 


• - K{' - 

i - — 



cr" • 


Qo _E _ . 
CR R 


Hence for charge one has 

-t 

i = 

and for discharge, 

-t 

i = — ioe^^. 


These equations are plotted beside the equations for quantity (see 
Figs. 117.4 and B). It is seen that while the quantity on charge rises 
from zero to a saturation value, the current causing the charging falls 
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off from an initial value io to zero after a long time. That is, the cur- 
rent starts at a maximum, while the charge on the condenser is zero, 
and falls to zero as the condenser charges up. 

In the case of discharge the current to has a negative sign, signifying 
that it Hows in the opposite vsense to the positive charging current. 
As before it is a maximum at the start and goes to zero just as the 
(juantity Q falls to zero. It is important to note this difference in 
behavior of the charge and current. It is an illustration of a fact to 
l)e observed in Chapter XXIV, that capacity advances the phase of a 
current, while self-induction retards it, for i is greatest at / = 0 in the 
case of capacity, while i is least when / = 0 when self-induction is 
present. The charging current with capacity is therefore a maximum 



Fi(i. 117, — Curves of C harge and Discharge of a Condenser Through a Resistance; 
A. Variation of Quantity on the ('ondenser with d'iine, B. Variation of the Charging 
or Discharging Current with Time. 

at the beginning and is ahead of the charging current, which is zero 
for the case when induction is present, when the switch is closed. 
Thus capacity is said to cause a lead of the current while inductance 
is said to cause a lag in the growth of the current. 


117. MEASUREMENT OF HIGH RESISTANCES 


In the case of resistance and self-induction where the equation for 

- R 

the dying out of a current is i = i^e , it is seen that if y is great 

enough one might expect to observe the change in i with time. By 
using a specially designed galvanometer of very short period (vibration 
galvanometer) one can actually follow the decay of the current. 

In the case of the discharge of the condenser, the equation found 

was 


£ 

Go 



If C and R are very large, — will vary with time in a measurable 

Go 
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amount. For a C of 1 microfarad and R = 10® ohms (Toulene resist- 
ance), the time of discharge would lie in the neighborhood of a minute 
or two. As C can be easily measured, and as resistances of 10® ohms 
cannot be easily measured, this decay is used as a means of measure- 
ment of high resistances. The circuit is pictured in Fig. 118. £ is a 
battery for charging the condenser C of known capacity which has 
little dielectric absorption. R is the unknown resistance and G is a gal- 
vanometer of the ballistic type, ki is 
a charging key and ki is the key used 
in measurement. To charge, ki is 
open and separated from both A and 
B, while k 2 is closed. k 2 is then 
opened and ki thrown to B. The con- 
denser discharges through G and the 
ballistic throw measures ()<>, the 
charge on the condenser. Then the 
condenser is charged again. This 
time the key ki is closed to A for a 
suitable time /, say 30 seconds. 

Then it is rapidly switched to B and 
the deflection of G noted. This gives 
condenser after a time /. 
for R, 



Flo. 1 18 .- Measurement of High Re- 
sistance \)y the Discharge of a Con- 
denser through it. 

Q the (jiiantity left on the 
Having Q, ()n, t and C \ one can at once solve 


It might be noted that the factor c '' 
i 


sionless as — is a mere number. 


/() 


n.„. I a„<l 


and must be dimen- 
must have dimen- 


sions of — . 

T 


For this reason it is important to remember that R and 


L, and R and C must be expressed in the same system of units, and 
such as are consistent with the dimensions above. 


118. CATHODE RAY OR BRAUN TUBE OSCILLOGRAPH 

The study of transient phenomena and the analysis of electrical 
currents has been carried out in recent years by means of the cathode 
ray oscillograph. The use of the oscillograph has become so universal 
that it seems worth while to digress a moment to consider the mechan- 
ism of this instrument in connection with the study of transient 
phenomena. In Chapter XXVI, it will be discovered that incandes- 
cent metals emit a stream of electrons if the temperature is high 
enough. In a good vacuum such a stream of electrons can be acceler- 
ated in an electrical field between the hot filament F (see Fig. 119) 
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to a small pinhole in a diaphragm D by placing a potential of from 
300 to 5000 volts between the diaphragm D and the filament F, making 
the diaphragm positive. The electrons which strike the opening 
have acquired such a high velocity that they are able to pass through 
the opening without striking the diaphragm. They then traverse 
the rest of the tube and strike on a photographic plate P. The oscillo- 
graph in the space between D and P is also provided with two pairs 
of small plate electrodes, E and sealed into the space between 

D and P. One pair of the plates, have their planes vertical and 

their long axes parallel to the cathode ray beam. The other pair, £, 
have their planes horizontal and their long axes parallel to the cathode 
ray beam. The tube is also so arranged that it can be placed inside 
of a uniform magnetic field //, perpendicular to the plane of the paper 
and the pole, pieces of which are indicated by the circle I. This equip- 



ment will allow a large number of different studies to be made with 
the instrument. In the absence of any fields the beam of cathode 
rays emerging from the pinhole travel in a straight line and impinge 
at a point on the photographic plate P which can be exposed by open- 
ing a shutter 5 in front of it. This stream of electrons constitutes a 
negative current of electricity flowing from P to P or a current of 
positive electricity flowing from P to D, If the cathode ray beam is 
subjected to an electric field between the vertical plates £' which 
increases in a uniform fashion linearly with time a straight line is 
traced along the photographic plate from .the undeflected position 
indicating the zero position of the cathode ray beam, into or out of the 
plane of the figure. If the rate of increase of the field between £' is 
known we can for equal lengths of the film represent equal time 
intervals along this line. ' If it is desired to measure transient currents 
the current to be studied is run through the windings of the coil acti- 
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vating H producing a field at right angles to the beam of electrons. 
This beam acts to deflect the cathode ray beam up or down, depending 
on the direction of the current through the coil. The deflection will 
be proportional to the field produced by the current and thus propor- 
tional to the current. Consequently as the current varies with time the 
vertical deflection of the cathode ray beam from its zero position will 
vary and the variation is automatically drawn out on the time axis by 
setting the increasing field across the plates £' into operation. By an 
elaborate electro-mechanical system the field between plates E' and 
the field accelerating the electrons can be applied by cutting out the 
proper portion of a single surge of a sine wave of known amplitude and 
frequency. By properly centering the spot produced by the cathode 
ray beam on the photographic film and making marks representing the 
time intervals on the film, the film on development will yield accurate 
curves describing what happened in the discharge through the coil. 
The changes of potential can be studied e(]ually conveniently by placing 
the transient source of potential across the two horizontal plates E. 
Any changes in potential between these plates will cause a change in the 
deflection of the beam which, drawn out on a time axis by the field 
between plates £', again plots the curve of the occurrence. In the study 
of simple harmonic motions it is sometimes not necessary to proceed 
in this manner with a photographic film inasmuch as the phase and 
relative amplitudes of two simple harmonic motions at right angles 
can be determined from the dimensions of the curves traced by the 
superposition of these two motions. It is simply necessary to super- 
impose the two potentials to be studied on the two pairs of plates at 
right angles to the cathode ray beam and to each other. Because of 
the persistance of vision and phosphorescence the Lissajou figure 
described on a phosphorescent zinc sulphide screen replacing the pho- 
tographic film at the end of the tube can be observed and studied at 
will. 

Owing to the very small mass of the electron, by properly regulating 
the velocity of the beam the response of the beam can be made to suit 
almost any conditions and the time required to deflect the beam is as 
short as almost any time physically attainable. The chief limitation 
in time measurement occurs through the limitation of the speed of the 
uniformly increasing P.D. generating the time axis. Owing to the 
advance in the technique of high frequency oscillations the time axis 
can be drawn out so as to represent exceedingly short intervals of time. 
In recent years, Rogowski has actually succeeded in studying the 
transient phenomena in the spark over time intervals of the order of 
10~^ seconds. 



CHAPTER XXIV 


ALTERNATING CURRENTS I. DEFINITIONS, ROOT MEAN 
SQUARE AVERAGES, AND EFFECT OF SELF- 
INDUCTION 

119. THE IMPORTANCE OF ALTERNATING CURRENTS 

In the last chapter it was shown that self-induction became of 
importance when currents vary with time, that is, self-induction causes 
an elec'tromotive force only when we have a time rate of change of 
current, 

di 

dt 

Besides the transient effect of the last chapter, which emphasizes this, 
there is another important group of currents, those altering periodi- 
cally with time. 

Now it seems strange that one should have to deal with alternating 
currents when direct currents can be generated quite simply. How- 
ever, in modern industrial life efficiency demands that electrical power 
be generated in central plants. In these plants the distribution of 
power to outlying points is a great problem. The loss in power dis- 
tribution comes almost entirely in the loss in the line. Where 
electrical power is transmitted over 20 miles of line and as it is today 
over hundreds of miles, R is quite a factor and the currents range in 
the thousands of amperes. Thus the i^R loss in heating is very great, 
and for transmission of direct currents the lo.ss would be dependent 
on this factor. However, in alternating currents it is possible to trans- 
mit the alternating current at a very high voltage, that is, E of the 
term Ei which expresses the power sent is large, and i correspondingly 
small. By means of transformers which we have discussed in the 
last chapter, it is possible with very little loss of energy to convert the 
high potential alternating current to a low potential at a substation. 
Thus today practically all power transmission depends on the use of 
alternating currents. Again, in all telephony and especially in radio, 
we are dealing with changes produced in the electrical system by 

284 
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periodic changes in currents. It is consequently essential to study the 
alternating current. 


120. DEFINITION OF ALTERNATING CURRENT TERMS 


In Chapter XXI it was shown that the simple dynamo gives an 

lirllAN ^ IttITAN ^ 

L.M.r. At) = — — sin 0. One may set — 7-3 — = Ao, a constant 
Ur l(r 

of the generating end of the circuit, and the equation becomes E — lu) 
sin 0. The angle 6 repre- 
sents the angle at which 
the generator coil is at 
the instant when it is 
generating the particular 
E.M.F. considered. As 
this angle varies with the 
time, it is seen that the 
E.M.F. varies with the 
time. If we plot E as a function of the angle, we will see that wc 
have a curve of the type indicated in Fig. 120. This curve is a sine 
curve and it is .seen that when 6 takes on the values 



I'lG. 120 — Plot of a Sinusoidal E.M.F, 


‘ TT 37r St 

2 ' T’ T 

TT 

or any odd multiples of - radians, tlie curve has either a maximum 

TT 

or a minimum. We know thtit the sine of ^ radians or 90" is equal 
to unity, therefore at these points 

K =+Eo or —Eo. 


It is thus seen that Eq represents the peak values of the E,M,F. gener- 
ated, and it is often termed the amplitude of the oscillation. Now the 
angle 6 gives the angle of the armature with regard to the field of the 
dynamo. If we had started a dynamo from a position in which the 
armature was not at the zero point as in Fig. 101 C, but had started 
with an initi^il angle 6 which we now will designate as <p, the curve 
of Fig. 120 would have been shifted over to the right or the left of the 
zero so that when 0 = 0 in the figure the position of the curve on the E 
axis corresponded to the angle (p of the armature. This angle <p is 
called the phase of the alternating potential. 

It is more useful to regard the alternating potential not from the 
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point of view of the angle of the armature, but from the point of view 
of the time which has elapsed after the armature was in its initial position 
represented by the angle It is obvious that once in every revolution 
of the armature, the armature will be back at its initial phase ip. That 
is, the quantity representing the position of the armature relative to (p 
on the time scale must be of such a nature that it repeats itself over 
the revolution. Now a revolution in angular measure equals It 
radians. Thus if we designate by t the time which has elapsed since 
the initial angle which marks the beginning of our time reckoning, 
we would represent the periodical variation by the term 


where T represents the period of oscillation, that is, the time for the 
armature to make one complete revolution. It will be seen at once 
that the expression 

Iwt 

Y 


the fractional part ^ of a whole revolution can correctly represent 


the angle in radians through which the armature has turned in a time t. 
For every time that t is equal to T, the angle becomes lir radians. 
Thus the quantity which we called 6 representing the angle of the 
armature may now be represented by the expression 



We may therefore write the exprevssion for the E.M.F. as 

. /lirt 

E = Eo sin 1 — + (p 

The quantity T representing the time of a single revolution is the 
period of the oscillation. Sometimes it is simpler to count the number 

of revolutions in a second, N. Since T is equal to the expression 

above may be written 

E == jEo sin {lirNt + ip ) . 

We will recapitulate the names of the quantities concerned in 
these two equations. 
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In the above equations: 

E is the instantaneous value of the E,M,F. 

Eq is the amplitude of the oscillation (maximum value). 

{p is the phase of the E,M,F, 

T is the period, 

N is the frequency of oscillation. 

121. VALUES OF CURRENTS GIVEN BY INSTRUMENTS, ROOT MEAN 
SQUARE CURRENT 

The next question which arises in these considerations is the fol- 
lowing: Suppose we have an E.M.F. of the type discussed above, 
having, as is the case in lighting circuits, the frequency of 60 cycles per 
second, what will our measuring instruments record with such a cur- 
rent? In the first place if we are going to measure alternating cur- 
rents we cannot measure such currents or potentials with ammeters 
and voltmeters having fixed magnetic fields as indicated in Chapter 
IX, for every time that the current or potential reverses the force 
acting on the moving coil of the instrument will reverse, and if the 
instrument could not follow the rapid alternations of the current or 
potential, no reading would be obtained. If, however, we let the cur- 
rent which flows through the moving coil also excite the magnetic 
field, the direction of the torque on the moving coil will always be 
the same and a varying deflection proportional to current or potential 
squared will be obtained provided that the coil has so small an inertia 
that it can follow the rapid oscillations. Actually this is not the case 
and the coil takes up a position which is intermediate between that 
of the zero position and the maximum position. That is, all alter- 
nating current potential and current measuring devices give a deflection 
which is neither the peak, or maximum, amplitude of the quantity nor 
the zero value. In fact, we deal with an average E.M.F. or current. 
This must be related in some fashion to the maximum value, and the 
relationship between the average and the maximum value of E must 
be known in order to apply our equation for the E.M.F. at any instant. 

In deducing this value, we must compute the average E.M.F. or 
current. To do this, we must remember, however, that since the same 
current flowing through the coil and through the field is twice acting 
to cause the deflection, the deflection is proportional to the product of the 
current by itself, or to P, The same applies to the E.M.F. The prob- 
lem before us thus is to calculate the average square of the current 
for a current which varies sinusoidally with the time. The deduc- 
tion to be given for the current is the same as would be given for the 



288 


ALTERNATING CURRENTS 


for, barring the effect of self-induction to be studied later, 

we have 

. E 


by Ohm’s law. The average square of the current P is obtained as 
follows. From the law of the alternating potential, we can write that 


and thus 


E Et) sin 0 
R ^ ^ 

i — tma.\ sin 0. 


Now we wish to obtain the average value of the square of this cur- 
rent. This is equivalent to the following gra[)hical problem. In Fig. 

121, we wish to find the 
height of the rectangle of 
base TT whose area is equal to 
the area under the sin“ 
curve, for we are dealing 
with the squares of the cur- 
rent. The height of this 
rectangle would be the height 
of the ecjuivalent steady cur- 
rent which would have 
the vsame area, or the same 
effect on the needle, as the 
alternating current has. Wc 
are interested only in the area of a single positive loop of the cur- 
rent for the simple reason that the negative loop due to the reversal 
of the current in the field coils produces a magnetic force in the same 
direction as the initial force. Now the area of such a rectangle is 



t'lc;. 121. — Determination of the Average 
Squared Current for a Sinusoidal Alternating 
Current. 


"Jo 


(id, or p times tt, its base. The area under one loop of the sin^ 


curve would be obtained as follows. The height of any element dd 
wide along the base is Pm&K sin^0. Its area is Pmux ^\vPddd, The 
sum of all these elements dd from 0 to tt gives the total area. Since 
by definition the area of the rectangle must equal this area, one can 
write 



"1 

Z*'7r = 



sin^ ddd. 
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Integration of this leads at once to the value 


Hence the 




hnav 

Vi 


and in the same fashion since R is a constant not involved in inte- 


gration, 


rV r’ - 


Ri 


inuK 


Vi 


or 

3l 
Vi 



We therefore see that the average current or the average E.M.F. 
which is registered by an alternating current instrument is the maxi- 
mum current or potential divided by the \/2- These average cur- 
rents and potentials registered by instruments are called the root 
mean square values of the current and potential ; and when speaking 
of the currents and potentials in amperes and volts, they are designated 
in engineering practice by virtual amperes and virtual volts. 


122. EFFECT OF SELF-INDUCTION ON AN ALTERNATING E.M.F. 


The next question which we wish to consider is the effect of the 
self-induction in a coil on an alternating current. It is obvious that 
if we have an alternating current in a coil whose self-induction is L, 


L 


di 

dt 


di 


has a finite value when -7 has a finite value. Assume that i = io 

dt 

^irt 2‘7r 

sin and hereafter represent — by p. Then i = io sin pt, and 


di 

dt 


= + iop cos pt. 


Thus there will be induced in the coil an E.M.F. E' of self-induction 
whose value 


£' 



Li{)p cos pt = Liop sin 
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Thus, the E.M.F. of self-induction will be + 90° or + 7r/2 radians 
out of phase with the current which causes it. The resultant E.M.F. 
in the circuit of Fig. 122 can be computed at once from KirchhofFs 

second law. The E.M.F. 

-O — 


E-Eq sin. pt.f 


Fig. 


122. — Circuit for the Study of the Effect 
Self-Induction on an Alternating E.M.F. 


existing in the circuit at 
any time t is the sum of 
the iR drop plus the 
E.M.F. of self-induction. 
Thus we may write for 
the circuit of Fig. 122, 
E — E' = Ri, Since i = 
io sin pt and E' ~ Liop 
instantaneous value of the E.M.F. 


-V»VWvV\AAAAAAA/ 
R 


of 


COS pt the equation for the 
becomes E = Rio sin pt + Liop cos pt. 

As a rule we are interested in the effective or average value of the 
E.M.F. as this is what is read by the instruments used. We will 
therefore find that it is important to calculate the value of this aver- 
age in order better to understand the foregoing equation. As in 
the case of the currents previously discussed, the average squared 
voltage over an interval of time dt taken for half a cycle (that is, from 


0 to 


2 pj 


must equal the area under the curve represented by the 


value of E^ which was derived for a circuit having self-induction. 
We must therefore set the integral of E = Rio sin pt + Liop cos pt 
squared and multiplied by dt equal to the average Ev^ times the inte- 
gral of dt from 0 to 

P 

Thus we write 


£2 _ gjj ^2 (>qs2 pi 2Lio^pR sin pt cos pt 


and 


ir T X 

E? C^dt = -£,2 = C" sin2 ^^^2 pf^t 

Jo P Jo Jo 

rr 

+ 2Lio^Rp ^ sin pt cos ptdt. 
Integration makes the last term 0 for each limit and the first two 


terms are — . Thus we have as a result the important equation. 
2p 
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This is the same as 

= RH-2^ + L‘^p2i2 

and also leads to the result 

= R•h^^ + L^pHo^. 

The significance of this relation is seen at once by solving the equation 
for 

Vr^ + iJ^ 

This says that the current i,. measured by an A.C. ammeter A in Fig. 
122 in the circuit is not the current found by dividing Ev by R, as the 
simple Ohm’s law would lead one to believe, but it contains in addi- 
tion a term Lp which is called the inductive reactance of the circuit, 
depending on L and p. It is seen that the greater L or the greater p 
(i.e., the frequency) the more the law departs from Ohm’s law, the 
current being less than it would be on that law. The quantity 

+ L2p2 

is called the impedance and is designated by the letter z. 
Thus the more general form of Ohm’s law is 

. _E _ f: 

S Vr ^ -f P‘^L^ 

which reduces to Ohm’s law for p = 0, that is, for A = 0 or T = oo . 

This behavior can be readily shown by the circuit of Fig. 122 
having a value of L of the order of 1 or 2 henrys and an R of 
some 100 ohms using an electric light globe in place of the ammeter 
A. When a D.C. source of potentuil is applied the lamp will glow 
brightly, while with an A.C., it will hardly glow at all for a frequency 
of 60 cycles. 

The eejuation for the instantaneous value of the electromotive 
force Ey 

E = Rio sin pt + Liop cos pt 

has an awakward form and by the procedure to be outlined can be 
thrown into a far more useful and significant form. Let us designate 
for simplicity Rio by X, and Liop by Y, We can then lay off the 
values of X and Y along the axes x and y of a rectangular coordinate 
system, shown in Fig. 123, and the equation above takes on the form 


£ = X sin /?/ + Y cos pL 
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Draw through the end of F a line parallel to X and through the end 
of AT a line parallel to Y and join 0 to the corner of the rectangle so 
formed. The diagonal C of the rectangle makes an angle (p with X 
and has the following properties: 

Y == C sin (p 
X = C cos (p 
X- + F- = C\ 

The expression for K then takes the form E = C cos (p sin pt -\- C sin 
sin pt which cctuals C sin {pt + <p) by a well known trigonometrical rela- 
tion. We now have E in a much more convenient form in that it is a 
single trigonometric function of pt containing two constants, C and (p, 
E = C sin {pt + <p). To identify these constants, we proceed as fol- 
lows: + F^ = whence C = Eo, the 

maximum amplitude of the impressed E.M.F., and E is given by 



Fig. 123. — Diagram for Transforma- 
tion of the Equation for the Instan- 
taneous Value of an A.C. in a Circuit 
with Self-Induction and Resistance. 



V2 

Fk;. 124. — Vector Diagram for an A.C. 
Circuit with Self-Induction and Re- 
sistance. 


£ = £o sin {pt + <p). Again we may remember that i = io sin pt and we 
see that the phase of the E.M.F,, £, is (p radians or degrees, ahead of the 
current. The current lags behind the E.M.F, in phase by an angle <p. 
Its value can be found at once from the relation 


tan ip = 


F 

X 


Lipp 

Rio 


hP 


Thus besides having the amplitude reduced below what one would 
expect for a self-induction equal to 0 or for a steady current (i.e., the 
use of impedance in place of ohmic resistance) the current lags behind 
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the E.M.F. an amount depending on the size of It is seen that as 

K 

in transient currents there is a factor depending on the ratio L/R 
which marks the lagging of the current due to self-induction. For 
Lp 

large values of — , tan (p approaches infinity, and ip approaches 90® or 


7 r /2 radians. This means that the E.M.F. is a maximum when i is 0 
and vice versa, and leads to interesting results to be discussed in the 
next chapter. A similar consideration will be applicable in the case 
of capacity. The results of this discussion can be pictured by means 
of the following diagram. Fig. 124 illustrates the usual vector relation 
used by engineers and follows directly from the representation of X 
and F on a rectangular coordinate axis. 



CHAPTER XXV 


ALTERNATING CURRENTS II— EFFECT OF CAPACITY ON 
ALTERNATING CURRENT AND THE EFFECT OF CA- 
PACITY AND SELF-INDUCTION COMBINED— ELEC- 
TRICAL OSCILLATIONS 


123. EFFECT OF CAPACITY ON THE IMPEDANCE OF AN ALTERNATING 

CURRENT 

In the last chapter the effect of self-induction on an alternating 
current was studied. When we attempt, however, to carry the same 
mode of approach to the action of capacity on a circuit having an 
impressed alternating sine wave form E.M.F. we encounter difficul- 
ties which make the mode of approach used for self-induction impos- 
sible. Since the back E.M.F. produced by capacity, is given by 

dQ 

£' = Q/ C, where Q is quantity and C is capacity, and since i = 

(idt 

the exprevssion for E' becomes £' = . 

integration in order to compare the equation with the current equa- 
tion, we find a troublesome con- 


dt' 

In choosing the limits of 


■<!>■ 


EeE.Sln.ptT 


R 

Fig. 125. — Circuit for the Study of the 
Effect of Capacity and Resistance on a 
Sinusoidal A.C. 


stant of integration entering in, 
justification for the dropping of 
which cannot be made in this 
form. We must therefore pro- 
ceed in a different manner, and 
this is one quite parallel to that 
used in studying the effect of ca- 
pacity on transient phenomena. 

Let us assume a circuit of the form shown in Fig. 125 and that the 
impressed E.M.F. has the amplitude E = Eo sin pt. Then Kirchhoff’s 
second law leads to the expression £ — £' = Ri, where £' is the back 
E.M.F. due to C, and R is the resistance in the circuit, while i is the 
current. Now £' = Q/ C, where Q is the quantity of electricity on C 
d^ 
dt' 


at any time and i = 


Hence we can write 


^~dt C 
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whence 


dl RC^ 


— sin pt. 


This equation is a linear differential equation of the first order with 
constant coefficients. The general solution of this is found in any text 
on differential equations and is as follows; 




R 


RC 


sin pt — p cos pt 





The first member on the right-hand side of the equation is a term that 
varies periodically with t and is the one of importance in this problem. 
The second term multiplied by the undetermined constant c repre- 
sents a term that approaches 0 as / becomes large. It is the term that 
represents the transient effect when the switch is first thrown and is in 
fact quite similar to the transient term that we found in Chapter 
XXIII for capacity. As we are interested in the situation after this 
has died out (i.e., we measure currents some seconds after the switch 
has been closed), we can set t very great and this term approaches 0. 
We must now throw the equation into a more convenient form for 
study. To do so let us write, as in Chapter XXIV, that \/RC = B 

sin ip and p = B cos <py where B'^ = + p‘^. 


Then 

whence 

Now 


Q = 


Eq (sin ip sin pt — cos ip cos pt) 


RB 


sin^ ip + cos^ ip 


Q = cos ipt + <p). 


dQ pEo , 


* = 


.£o 


R 

~P 




sin (p( + (p), 


R^C^ 


+ P^ 


or 
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therefore 


t = 


Eo 


+ 


sin {pt + <p), 


p'^C~ 


which is the equation sought for the current in this circuit, 
this we can also write, since i — fmax when sin {pt <p) = 1, 


From 


. K-L _ . I • _ 

^luux — — — ♦ tllKi Ip — - 


E, 




Since — ; = B sin (p and p = B cos <p, 
RC 

sin ip 1 

= tan <p — 


cos ip 


RpC 


vSince we chose E ~ Eo sin pt, we see that the current i is ahead of E by 
a phase angle ip. In the case of self-induction the phase angle (p was 
the angle by which the was ahead of the current. Thus we con- 

cluded that self-induction causes a lag in the current behind the impressed 
E.M.F., while with capacity the current leads or is advanced in phase 
ahead of the impressed E.M.F. Again as before the angle of phase 

sin ip 1 

advance ip can be found at once from the relation tan tp = = — — . 

cos ip RpC 

We also note that in this circuit the virtual current does not follow 
Ohm\s law, biit that 

Ep 




+ 


1 

p^(y 


That is, the effect of capacity is to reduce the current below 
that to be ex[)ected when it is absent. The capacity impedance is 


4 


I 


H — 774^ the capacity reactance 1/pC. The greater C and p, 

p^C 

the more nearly is Ohm’s law obeyed, while the smaller C and p, the 
greater is the departure. This can be readily shown by placing either 
a small capacity or a large one in an alternating circuit with an elec- 
tric light in series. While 10 microfarads at 60 cycles lights the lamp, 
I microfarad does not do this. This use of sin ip and cos ip for 1 /RC 
and p of the equation leads one to be able to make the same sort of a 
vector diagram for the effect of capacity as for self-induction. 
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124. CASE WHERE SELF-INDUCTION, CAPACITY AND RESISTANCE ARE 

PRESENT 


In the case where both of these quantities are in the circuit, the 
differential equation becomes 

E - {E\ + E'o) = Ri. 


where IC'i is the of self-induction and E '2 is the E.M.F. due 

to capacit}'. On setting E — Eo sin /?/, we obtain 


and 



+ Ri + 




(IE L (it LC 


Ei) sin />/, 


Ei^ . 

— sin pt. 
1 ^ 


Tlie resulting eciuation is more difficult to solve, but it leads to a solu- 
tion of the same form as for capacity alone with 



z sin {pt + (p) 

LpJ 


where (p is now defined by the ecjuation 


tan ip — 


Cp 


Lp 


R 


This equation is quite analogous to the one for capacity and self-induc- 
tion and by elimination of C or of L reduces to the form encountered 

before. The impedance is yjR'^ + and the reactance 

is — Lp. The nature of the phase effect, whether lag or advance, 

pc 

depends on the relative magnitudes of Lp and l/Cp. If Lp is the 
greater tan tp is negative and (p is negative; that is, the current lags 
behind the impressed E.ALF. Otherwise there is a phase advance. 


125. POWER FACTOR 

The fact that we have phase changes in a circuit upon which an out- 
side E.M.F. is applied when either inductance or capacity is present 
in the circuit leads to an important correction in the question of power 
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measurement. It will be remembered that power was defined as elec- 
tromotive force times current. Thus the power in watts = volts 
X amperes. 

In the case of alternating currents we measure virtual volts, that is, 



and we measure virtual amperes 



The power in watts consumed would be therefore 


Eixlt‘0 


Roii) 

2 


These measurements could be made independently and the proper 
watts computed in the case where the current was not varying, or 
where there was no phase lag involved. Suppose, however, that 
instead of such conditions the E.M.F. of a circuit be 90° out of phase 
with the current flowing in it. This would be an extreme case but 
it is closely approached with high inductances and small capacities. 
The result would be that although the voltmeter correctly read the 
voltage and the ammeter correctly read the current the watts com- 
puted would be incorrect, for when the voltage was a maximum the 
current would be 0, and the actual power would be 0, while a finite 
amount was computed. This can best be understood by studying 
the equations. Suppose the instantaneous electromotive force is 
given by 

E = Eo sin {pt + V?), 
and the instantaneous current is given by 
i = i{) sin pt. 

The instantaneous power P will be 

P = [Eo sin {pt + ip)] io sin pt 

= Eo^o sin pt (sin pt cos (p + cos pt sin (p) 

= Eoio sin^ pt cos (p + JEoio sin 2 pt sin (p. 
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If we take the average value P of P, \vc must proceed as before and 
write 


P = 



and hence 


ir/p 


( — I cos pt sin pt + ^pt) cos i cos 2pt sin <f> 


£oio 

= -y- cos (p 


P = E,:iv cos <p 


Consequently, the result will be that the average watts, or ~P, is given by 

P = \Eaia cos p. 

\{ tp = 90°, cos <p = Q, and the average power consumption P is 0. 
If ^ = 0, ? = \EaH). In between, cos <p has all values and the power 
consumed may have any value between 


-jEor'o = and 0. 


Thus, It is seen that if we take the voltmeter and ammeter read- 
ings in the case of a circuit with self-induction and capacity we are 
In danger of not reading the true power consumption. What we read 
Is called the apparent watts. The apparent watts times the cos <p gives 
the true watts. The power factor, as cos (p is called, gives the ratio of 

true watts P 

— T = cos (p. 

apparen t watts E „ 

Hence the power factor equals cos (p. A wattmeter which has Its fields 
excited by the current in the circuit, and its moving coil excited by 
the potential difference, will give the true power consumption because 
the phase differences in the two parts of the instrument give a simul- 
taneous reading of the product of the true current and voltage com- 
bined in their right phase relation.ship. We can determine the power 
factor very easily by taking the wattmeter reading on a given circuit, 
and then taking the voltmeter-ammeter reading. The ratio of the 
wattmeter reading to the voltmeter-ammeter j^ding^ves the power 
factdrTand so gives the cosine of the angle of phase lag. We can conse- 
quently at once calculate the phase lag, 
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126. ELECTRICAL OSCILLATIONS 

There is one more question which can only be touched on at this 
point and that is the ability of self-induction and capacity when united 
to give electrical oscillations. Historically, this field is exceedingly 
interesting. In Maxwell’s mathematical formulation of Faraday’s 
laws of magnetic and electric force there was the prediction that there 
must be in empty space a medium which Maxwell termed the lumi- 
niferous ether, capable of transmitting electromagnetic disturbances, 
which travel with the velocity of light. In fact, he deduced the fact 
that the ratio between the electromagnetic units (which depend on 
moving electricity), and electrostatic units, must be whole multiples 
of the velocity of light which is closely 3 X 10*^ cm per second. This 
we have seen to be the case in a study of our units, see page 69. He 
furthermore predicted that it should be possible to generate electrical 
waves and to transmit them through the air. The oscillatory nature 
of a spark discharge under some circumstances was discovered and 
the equations in part worked out by Lord Kelvin. To Hertz belongs 
the credit of having utilized these oscillations for the transmission 
of electrical waves through empty space. This was the forerunner 
of the tremendous development which we have today in which the 
human voice can be transmitted across the continent, and in which 
we are now able to transmit from an aeroplane a picture of a field of 
battle and the progress of troops to headquarters 20 miles away by 
radio by a process popularly called television. The oscillatory nature 
of the electrical di.scharge is of interest to us inasmuch as it results 
from the combination of capacity and self-induction under the proper 
conditions. 

Let us consider two tanks of water connected by a stopcock with 
a hole in it. If the stopcock has a small hole of large resistance and 
we have one tank full and the other empty, on opening the stopcock 
water will gradually flow from the full tank to the empty tank and 
when the two reach the same level the flow will stop. This is because 
the potential energy of the water which was initially higher than 
the final level was converted into kinetic energy in the pipe and 
this due to friction was converted to heat. Again, suppose the stop- 
cock to have a large hole with very little friction. Then on opening 
the stopcock there will be a sudden rush of water from the full tank 
to the empty one. In the empty one the water will rise up to a height 
nearly as great as the height in the initial tank, owing to its inertia. 
It then rushes back into the initial lank, and its inertia carries it up 
to nearly its former position. Thus the water will oscillate back and 
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forth eventually coming to rest owing to the losses of kinetic energy 
in friction through the tube. 

In electricity we have the almost analogous case. Suppose we 
have a capacity that is equivalent to our water tank. Assume we 
have the capacity charged but the circuit open. If we close the cir- 
cuit the electricity will How from one plate to the other, but it lacks 
one factor to make oscillation complete. The water beside having a 
capacity present had to have an inertia to carry it past its resting 
point. In electricity, the inertia is supplied by a self-induction. 
Thus, assume we have a capacity connected across a self-induction 
as indicated in Fig. 126. If now the capacity C be charged up and 
the switch 5 closed the positive electricity will flow through the induct- 
ance L to the other side of the circuit. Owing to its inertia it will 
charge the other side of the condenser to a higher potential than the 
eciuilibrium position of its charge. The electricity will then flow back 

again and oscillation will continue until the 
resistance damps out all oscillations. If we 
have a high resistance we will have the same 
case we had in the two tanks of water with a 
small hole, that is, a gradual flow and no 
oscillation. The condition for oscillation then 
is that the capacity and self-induction be 
sufficient, but that the resistance be small 
enough relative to the two to prevent damp- 
ing out the oscillations. Again, it is perfectly 
obvious from our water analogy that the period of the oscillation will 
depend on the capacity and vself-induction present. As a matter of 
fact the period is 

T = 2tV7Ic, 




I'lG. 126. — Simple Oscillat- 
ing Circuit with Self-Induc- 
tion and Capacity. 


to a good degree of approximation. A further study of such oscillating 
circuits belongs in a more advanced course. The study of such oscilla- 
tions is absolutely essential to all investigation of radio engineering. 


127. DERIVATION OF THE EQUATION FOR OSCILLATORY DISCHARGE 
OF A CONDENSER WITH RESISTANCE CAPACITY AND 
SELF-INDUCTION 

For those students who wish to delve into the nature of electrical 
oscillations a little more deeply than the time in such a course as this 
permits, the equations for the discharge of a condenser of capacity C 
through a self-induction L and a resistance R are given in a compact 
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form below. Consider the circuit shown in Fig. 127 containing C, L, 
and R as indicated. Assume the condenser C charged to a potential 
E by closing the switch K to the battery. Suppose that now the 

switch K is opened, and the switch 
K' to the self-induction and ca- 
pacity, which was previously open, is 
. I closed. Current then starts to flow 

\ I through the circuit and we can quanti- 

tatively consider the conditions which 
follow as outlined qualitatively in the 
preceding section. In the mesh CRL 
the E.M.F. applied is now zero. At 
any instant, however, we have an 
K.M.F. E" due to the charge on the 
condenser, and E.M.F. E' of self- 
induction and the iR drop in the 
line. Had the E.M.F. applied been 
E the complete Kirchhoff law equa- 
tion for the mesh would have been 
E — (E' -f E") = Ri as indicated in 
the earlier part of this chapter for the 
case of an alternating current E 
applied to a circuit with self-induction, resistance and capacity. 

Thus E = Ei + E' + E", where in the present case E == 0, E' = 




K' 


MAA/WW\A/\rW|^^ 


Fig. 127. — Circuit for the Study of 
the Discharge of a ('ondenser 
Through an Inductance and a Re- 
sistance. 


and E" = L— . As 


(it 


'i — 


dQ 

dt' 


the equation for our simple system 


becomes 




= 0 . 


This is called a linear differential equation of the second order and 
first degree in Q with constant coefficients. For convenience we may 
write 


dP Ldt ^ CL 


Such an equation may be solved by setting Q = as a solution and 
studying the effect on the equation. This treatment yields 
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whence 


Ra 1 


a^ + — + 


L CL 


This is a second degree equation in the constant a whose algebraic 
solution takes the form 

i3 T 


R 

“ ~ 2L 


IR-^ 4 
^ L- ~ C 


This gives us at once two solutions 



1 


Q = 

A e' 

, 2L 2 7.2 


, ( 

1 

1 

< 

Q = 

B'e' 

^ 2 L 2 7/2 


Here A' and B' are arbitrary constants of integration to be evaluated 
later. For convenience in handling one can call — = 2b and ~-p, = k^. 
The equations become 

Q = A' V'i'- - A“)< 

and 

Q = 

As 

Q - ^ V - 6 + V62 - k2)t = Q 

and 

Q - ~ ^ = 0 

we can write the complete solution as 

2Q — Vb'^ - k^)t — B'e^ ~ ^ ~ Vb’^-k^n = o, 

A' B' 

and calling —= A, and — = B, we have 
Q = Ae^ ~ ^ + V62 - Ar2)«_|. Be^ - ^ 

Now we can find A and B. For since (? = Qo = E.C at ^ =0 

A B = = EC. 

dQ 

Again, since when / = 0, — - = i = 0, we have 

dt 

i-b + V&2 _ k^)A + i-b - Vb'^ - k^)B = 0. 
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These two equations for A and B may now be solved, and we obtain 
for Q the equation 


+ -/l - J... . ._)e( - s - v/i.* - 

2\ Vi2 _ k'i) I 


It is seen that Q at any time I is a function of Qo = EC and the con- 

When is positive the exponents 


, R . , 2 ^ 

stants 0 = ^ ~ TT 


are positive and we have the case of a decline in Q which is the initial 
charge on the condenser multiplied by the sum of two exponential 
terms which decrease as t increases. The quantity and hence the 
, dQ 

current which is — thus decreases exponentially with time. This 
at 

condition of 6^ greater than corresponds to a high resistance com- 
pared to capacity, for unless is greater than = — , the 

condition above does not hold. Hence for values of C, R and L such 

jR2 1 

that — : is greater than — the flow of current is the exponential 
4L^ CL 

decrease characteristic of a water connection with high resistance 
where the energy of current flow is consumed in heating the tube as 
it flows through. 

i?2 I 

If now b is less than k, or 7-- is less than , the case Is entirely 

4L^ CL 

different. The two exponential terms as well as the quantities A and B 
become imaginary, that is, they contain the square root of —1. Thus 
is now negative, for is greater than 6^, and we should write 
\/— 1 k'^ — b“. The \/ k'^ — b'^ is then real and we can represent 

the 1 by the symbol j. In writing the equations for this case 
the parts of the terms 

can be written in the form 

f>-bt ^±(\/o2 - jk2)«^ 

The equation deduced for Q then becomes, if we collect the terms mul- 


tiplied by j and by 




separately, 


Q = Qoe' 


^-jVa2 - 




- bH — - b^t 


jVk^ - b'^ 
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Now by Euler’s theorem the exponentials 


. , e^^^ + e- 


= cos at, and 




= sin at. If a = then the above equation for Q 


at once simplifies to the form 

Q = (^oc^^^jeos />“/ H sin — h-t\ 

1 - /y- I 

and b>' a well known theorem in trigonometry similar to that used in 
deducing the current relations on page 292, 


Q = cos (V/fe-’ ^ 6-’/ - (p), 

Vk- - b- 


where 


tan if> = 




Thus we can write in terms of R, L and C 



We accordingly see that we have: (1) a discharge which varies peri- 
odically with time, for cos Vfe- — b'-t varies periodically with time; 
in other words when is greater than 6^ we have an oscillatory 
discharge; (2) the oscillation is one of decreasing amplitude; that is, 
it is a damped oscillation, for the cosine term is multiplied by the 

exponential e which decreases with time, and this represents a 
damping factor (see Chapter XXIII); and (3) we have a phase factor 
<p introduced into the equation where ^ can be evaluated by 

h 

tan {p = — 7 ==. 

Vk'^ ~ 62 . 


The period of the oscillation is determined by the coefficient of the 
t in the cosine term. Since by definition of an oscillatory phenomenon 
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(see Chapter XX) the period T is given by the T in the transcendental 
term, sine or cosine, in the form sin we see at once that 


27r 


= - b '^ 


or 


T = 




2 t 


Vk~ - 


^LC 4L2 


Thus the oscillatory divscharge will have a damped oscillation of period 
T defined by 

Itt 


T = 


jrr>‘ 

^LC 4L^ 


Now where one desires sustained oscillations one reduces i? to a mini- 

mum and the term — - becomes negligible. In this case the terms 
4tL^ 

containing 77- arc simplified by putting 7— = 0 and the elaborate 

t . R 

equation for Q above becomes Q — Qo cos for is 0 and e-:^t 

becomes unity. Hence for this cexse the damping is negligible, and 
the period is — = — or 7 " = 27 r V^LC as stated in the simplified 
equation given in the preceding qualitative discussion. 



CHAPTER XXVI 


DISCHARGE THROUGH GASES AND ATOMIC STRUCTURE 

128. DISCOVERY OF X-RAYS 

In 1895 a German physicist, W. C. Roentgen, was studying the 
electrical discharge of an induction coil in an evacuated tube made 
possible by the advance in the development of vacuum technique. 
He noticed a peculiar greenish fluorescence when the vacuum in the 
tube became low enough. This greenish fluorescence was accompanied 
by a stream of bluish rays moving in straight lines from the negative 
electrode. By accident, he observed that a screen of a material called 
barium platino cyanide lying on the table near the apparatus became 
phosphorescent whenever the greenish fluorescence appeared. Inves- 
tigation showed that this was due to a new type of radiation which 
passed through the glass walls of the vessel and through air. The 
remarkable properties of these radiations, which were called x-rays 
because of their unknown origin, led to feverish experimentation in 
this field of work. These rays were found to cause fluorescence in 
certain substances, they were found to affect a photographic plate, 
and they were found to make the air through which they passed con- 
ducting. It was the conductivity of air, which had been considered 
almost a perfect insulator from the time of Goulomb, that enabled 
further fundamental researches in the study of x-rays and carriers 
of electricity to be made. The x-rays were found to travel in a straight 
line from the source and to cast shadows when thick opaque objects 
were placed in their path. 


129. CATHODE RAYS 

Immediately following the discovery of the x-rays came the inves- 
tigation of the peculiar bluish streamers emitted from the negative 
electrode in the evacuated tube whose presence simultaneously with 
the x-rays was always observed and to whose presence the x-rays were 
ascribed. It was very quickly found by different observers that these 
rays were apparently negatively charged; that they were deflected 
in ^ magnetic field as if they were a current of negative electricity; 
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that they moved in straight lines; and that shadows cast by objects 
placed in the tube showed that where they did not strike the tube 
there was no fluorescence due to the x-rays. It was J. J. Thomson 
who succeeded in showing that these streamers were negative elec- 
trical particles moving with velocities of around one hundred million 
centimeters per second and having a ratio of electrical charge to mass 
equivalent to 1860 times that of hydrogen ions in electrolysis. The 
method by which he .succeeded in proving this was that by putting a 
pair of electrodes into the tube he was able to deflect the stream with 
an electrical field. By combining the electrical and magnetic fields, 
using the following theoretical relations, J. J. Thomson was able to 

g 

evaluate the velocity v and the ratio of — , that of charge to mass, for 

m 


Fig. 128. — Dotcrniination of for Gathodc Rays, 


these particles. In Fig. 128 we have a beam of cathode rays emanat- 
ing from the cathode C 
defined by a slit S in a 
' zrrr-t- - — ^ plate Z), which is the 

^ . I s anode, and through 

“"I c ^ - -y-- which the rays pass be- 

I I ;±±+ cause of their velocity 

. I I . 1 1 gained in the evacuated 

^ ^ region between C and 6’. 

In the absence of an elec- 
Fig. 128.— Dotcrniination of ^ for Gathodc Rays, trical field these rays 

Electrostatic- DeLlion. ^^tween 

the two sealed-in elec- 
trodes A and B constituting a parallel plate condenser and impinge 
in a point on the fluorescent zinc sulfide .screen P. When a field is 
placed on the plates A and B as indicated in the picture the elec- 
trons are deflected downward and the following relations may be 
deduced. If the rays are particles moving with a velocity v and each 
carries a charge e the force acting at right angles to the electrons in an 
electrical field of .Y volts per cm would be Xe. Thus as long as the 
particles remain between the plates they are urged towards the posi- 

/ Xe 

tive plate with a force / = Xcj and an acceleration — = — , where m 


Electrostatic Deflection. 


is their mass. They are thus, just as is a. stone that travels with a 
horizontal velocity v and is urged to the earth with a constant force 
mgf forced to describe a parabolic path. If the particles while moving 
the length d of the plates were deflected downward by the field a dis- 
tance as shown in Fig. 128, the same calculations as apply to the 
stone could be applied to this case. In a time t they move the length 
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of the plates d, so that d = vt. Now in the same time t the particles 
moved downward a distance .v. However x = where a is the 

llv 

acceleration, so that t = \ — , where a the acceleri 
Xe 


Hence d 


Vi 


m 


a 

2x 

m 


acceleration in this case is 
and we can write 


or 


'll 


c 

m 


2v 




X 

m 

f lx 
d^~X' 


This equation has three unknowns in it: e the charge of the particle. 
m its mass, and v the velocitv, and we can obtain onlv the values of 

}n 

and V from this, and that only with the aid of another experiment. If^ 
we let a magnetic field TI act 

on the stream of these parti- \ 

cles so that II is perpendicu- 
lar to the plane of Fig. 129, 
the beam of particles experi- 
ences a force constantly at 
right angles to their motion. 

Now, as we will recall, .such 
a force causes a circular path 
to be followed for which the 
equation for centripetal force 
mv^ 





rr A 


!s ^ 

o 


\ ® 




iH 


== / holds, where m is the 


Fig. 120 . — Dctenninatioii of for C'athodc 

m 

Rays, Magnetic Deflection. 


mass of the particles, v is 
their velocity and p is the 
radius of curvature of their path, p can of counse be measured by 
the deflection x of the beam along a distance d. Now a Current i 
encounters a force Hi per unit length in a magnetic field, and a particle 
of charge e with a velocity v constitutes a current i. Thus / = Ilev. 
Accordingly we may write that 

mv‘^ . e V 

Ilev = — , whence — = 

p m Up 
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Thus by measuring the p for a given II in one experiment and by 
measuring x and d for the same rays in a field A' in a second experi- 
ment we have tw^o eciuations containing the unknown quantities ~ 

m 

and V. To get e and m separately requires still another equation in 
e and m and the wsame v. Such an experiment could not be devised 

at that time. J. J. Thomson found for — a value for these rays which 

m 

was 1860 times the value found for the hydrogen ion in electrolysis, 
e 

and llie ciuantity — was negative as these rays carry a charge of 
m 

negative sign. The velocity v found depended on the electrical poten- 
tial P.n. ac ross the electrodes C and D and was of the order of 10® 
cm /sec. 

Later when it was found possible to generate these electrical par- 
ticles independently of the 
gaseous discharge a very sim- 
ple set of relations for finding 

— was devised. Since a par- 
m 

tide of charge e freely acted 
on by an electrical potential 
difference P.D. acquires a 
kinetic energy of motion in 
the absence of a gas, it is at 
once clear that the kinetic 
energy of the particles \mv^ 
must equal PDe, the work 

Fig. 130.— Determination of ^ for Cathode particle by the 

field. Hence 

Rays from a Hot t'ilameiit Using the Energy 2 

of the Electrons Acquired from the P.D. and PT)e = and — = ^ 

Magnetic Dellcction. ^ m 2PD 

Now by the arrangement of Fig. 130 the particles from a hot negative 
filament F in a high vacuum are driven by a potential difference PD be- 
tween a plate A which is positive and the filament F through a hole in 
A. Since the particles move very rapidly many of them pass through the 
hole without being caught by A. This stream of particles on the other 
side of A enters a magnetic field II perpendicular to the paper and 
into it, which forces the beam in the circular path p. As p can be 

e iF 

measured and as H and PD are known the relations — = — — and 

m 2PD 
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eve 

— = — enable — to be determined. The experiments showed these 
m Hp m 

streamers to be made of negative particle of velocities dependent on 

the P.D., of ~ = 5.303 X 10^^ E.S.U. per gram. Subsequent experi- 

m 

ments of Millikan and others showed that the particles had a nega- 
tive charge e = 4.77 X E.S.U. and a mass ni = 8.99 X 10“^® 

grams. The particle was called the electron. Subsequent reasearch 
showed that it was the mobile part of electricity in all solid bodies, 
and that electrification was caused by the removal of electrons from 
bodies, leaving them positively charged. It w^as further found that 
all matter contained electrons, and J. J. Thomson postulated the 
electron theory^f matter, 

130. CONDUCTION IN GASES— GASEOUS IONS 

'The great conductivity of gases produced by the x-ray.s led to a 
study of the mechanics of conduction of electricity in ga.ses. Previous 
to this. Coulomb had proven that the air conducted electricity to a 
very slight amount. The amount was so small, however, that he was 
unable to study the mechanism. It is now known that what the x-ray 
does, and what is often done by light rays, is to tear rapidly moving 
electrons from the molecules of the walls of the vesvsel or of the gas, 
and to send them crashing through many thousands of atoms. Every 
once in a while such an electron strikes an atom so as to tear more 
electrons out. We then have atoms which have lost an electron, and 
they have a positive charge. Some of the electrons after losing their 
speed finally attach to molecules and make negative gUvseous ions. 
If we pass x-rays through a gas with two plates immersed in the gas 
and place a potential difference between the plates a current will pass. 
In general, the current is so small that we must use electrometers, or 
electroscopes, and small capacities to measure them, for the number 
of molecules ionized is small and the charge they carry is only 
4.8 X E.S.U. each. It would be observed that as we increase 

the potential between the plates the current increases at first linearly, 
then more slowly, and finally reaches a saturation or constant value. 
When this occurs we state that we have saturation and we assume 
that what has happened is that the field is removing all of the ions 
that are formed as fast they are formed. Before this point was 
reached, the field was so weak that before the ions got across some of 
the ions of opposite sign had recombined. These attract each other 
strongly according to an inverse square law of force. That is, the 
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negative ion with its extra electron had joined a positive ion and 
given up its electron to it. Such currents imply that the ions in a 
field must move with a finite velocity. We have succeeded in measur- 
ing in many ways the speed with which these ions move in gases. 
The value of the velocity in air is approximately 2.2 cm per second 
in unit electrical field for the negative ions, and 1.6 cm per second in 
unit electrical field for the positive ions. The velocity of the ion in 
unit electric field is called mobility and it is inversely proportional 
to the gaseous pressure through large ranges of pressure. In certain 
pure gases like He, Ar, N 2 and H 2 the electron remains free for indefinite 
periods. In other gases, especially the more chemically active electro- 
negative gases, the electron may attach rather readily. Its ability 
to attach varies widely. In some cases attachment takes place at the 
first impact, while in others the electron may make 10® impacts 
before it can strike a molecule in such a fashion as to attach and form 
a negative ion. The electron in air as long as it remains free moves 
with a speed of the order of 10,000 ems a .second in unit field. 

If the field in which an ionized gas is placed be increased beyond 
the \'alue of the saturation current, the current will suddenly increase 
sharply, eventually being followed by a spark if the field is high 
enough. This is ascribed to the action of the electrons and positive 
ions in moving so fast in the high field that they knock new elec- 
trons out of previously neutral molecules, and .so generate enough 
ions to carry the current. When the high fields produce this ioniza- 
tion of molecules or atoms by collision under conditions where the 
energy supplied to the electrode is great enough to maintain the fields 
the whole gas becomes highly conducting through the accumulation 
of ions and electrons and we have a gaseous discharge which, depend- 
ing on conditions of voltage, gas pressure and electrode characteris- 
tics, gives either a spark, an arc, or a glow discharge such as is seen in 
the modern neon advertising sign. Where the gas atom or molecule 
has lost an electron and regains that electron by some recombination 
process as is the case in the luminous discharges just mentioned the 
electrons on recombining with the ions emit a radiation which gives 
some of the light observed in discharge tubes. In other cases, the 
electron on striking an atom is unable to remove an electron but can 
raise it to a position in the atom of higher potential energy. In most 
gases it may remain in this state some 10“® seconds, after which it 
returns to its initial state and emits one of the characteristic lines of 
the spectrum of the atom disturbed. In certain atoms, e.g., mercury 
and neon, this disturbed state lasts for as long as 10"^ seconds. Such 
states are called metastable. They enable ionization to occur in sue- 
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cesvsive stages and are probably responsible for the efficient operation 
of low voltage arcs such as a mercury arc. 

131. THE ELECTRON 

Investigation has shown that the value of Ne, the Faraday con- 
stant, for the gas ions, is the same as for univalent negative ions in 
electrolysis. The conclusion is that the ions are of the order of mag- 
nitude of molecules with a single electrical charge, there being per- 
haps several molecules to the ion. Millikan, following the lead of 
C. T. R. Wilson, J. J. Thomson, and others, succeeded in catching 
single ions on oil drops. He balanced the oil drop with its charge in 
an electrical field against the earth’s gravitational field. The result 
led him to a measurement of the value of the elementary negative 
charge on the electron, and he found that it was 4.77 X 10“^® elec- 
trostatic units of electricity. Thus we see that our electrostatic unit 
of electricity is a very large multiple of the real elementary charge, 
the electron. From this determination and the measurement of 

— the mass of the electron was shown to be that of the hydrogen 
m 

atom; i.e., the mavss of the electron is about 8.9 X 10“*^® grams. Its 
diameter has never been accurately measured, but the deflection 
experiments of Sir Ernest Rutherford, to be mentioned later, showed 
that it must have dimensions of the order of magnitude of 5 X 10“^^ 
cm. 

132. RADIOACTIVITY 

Shortly after the fluorescence discovered by Roentgen as a result 
of the action of x-rays, Becquerel studied fluorescent substances 
which had no relation to x-rays to see whether such substances would 
affect a photographic plate. Among others, he tried some beautiful 
fluorescent uranium salts. Exposure in a dark room for several days 
showed this substance to affect a photographic plate. Investigation 
of many chemical elements immediately followed, and it was found 
that thorium was even more active on the photographic plate than 
uranium. Investigation quickly vshowed that thorium produced an 
increased conductivity in the air about it, and thus the phenomenon 
of radioactivity was discovered. Madame Curie, with the skilful 
cooperation of her husband, isolated from certain pitchblende ores a 
substance thousands of time more efficient in these activities than 
thorium. It was called radium. Under the genius of Sir Ernest 
Rutherford, Soddy, Madame Curie, and others, the isolation of many 
radioactive products was achieved. Rutherford showed that one 
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radioactive atomic substance changed into another, giving out radia- 
tions which affected the photographic plate and ionized the air. It 
was shown that uranium was the great-great-great-grandparent of 
radium. These radiations w^ere shown to be of three types: alpha 
rays, which Rutherford, with the greatest ingenuity, p^'oved beyond 
doubt to be atoms of helium gas charged with two positive charges 
moving with a velocity from 2 X 10**^ cm/sec to 2 X 10* cm per sec- 
ond; beta rays, which were shown to be negatively electrified parti- 
cles, called electrons, moving with velocities in some cases 99 per cent 
that of light; finally there were radiations of the nature of x-rays 
which penetrated several inches of lead — these were called the gamma 
rays. Each radioactive change is accompanied by an emission from 
the inner part or nucleus of the atom of either an a ray or a jS ray. 
The 7 rays rise from most ^ ray changes and are also observed in a 
weak form in some a ray changes. The relation of y rays to the process 
is not clearly understood. It is known that the jS ray change precedes 
the 7 or a ray. The y rays from a particle ch£mges are in most cases 
soft x-rays resulting from a ray impact. 

The Disintegration Series of Uranium. — The table below illustrates 
a radio active disintegration series and represents the disintegration 
series of the uranium-radium family. A displacement downwards in a 
column indicates a loss of one aiparticle, i.e., a decrease of 4 in atomic 
weight and change of charge by loss of 2-t- charges. A displacement 
to the right in a row indicates the loss of one particle, i.e., the loss 
of one electron, but no change in atomic weight and an increa^se of 
-f charge by one unit. The Roman numerals above each member 
indicate the grouf) to which it belongs in the periodic table. The time 
periods below each member indicate its “half-life” period, T, which is 

related to its decay constant X defined by A = Noe~^\ hy T = 

X 

133. STRUCTURE OF THE ATOM 

It was found by Rutherford, and later Fajiins, Soddy, and others, 
that when these radioactive series of changes took place an element 
that lost an a particle changed its chemical properties in such a way 
that it moved two places to the left in the periodic table of elements. 
That is, radium, an element like barium, loses an a particle with two 
positive charges from its nucleus, and shifts into a gas which is chemi- 
cally inert and is called niton. It falls into the same class of elements 
with helium and argon and decreases its mass by 4 units of atomic 
weight in this change; and similarly polonium, which falls into the sixth 
group in the Periodic Table (i.e., is in the same group with oxygen), 
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loses an a particle and changes to RaG^ which is identical in properties 
with lead. For those changes in which a fast electron conics from the 
nucleus the atom does not change in weight, except by the mass of 
the electron, but it moves one place to the right in the Periodic Table. 
Thus RaD which is similar to lead in the fourth group of the Periodic 
Table loses a P ray and gives RaE, which is similar in its properties 
to bismuth, belonging to the fifth group of the Periodic Table, and 
again RaE loses an electron and changes to RaF or polonium, which 
belongs in the sixth group of the Periodic Table. The mass of these 
atoms is all the same except for the loss of two electrons whose mass 
is negligible. We thus see that the atomic weight is not the significant 
thing in the chemical behavior of the elements, while the nuclear charge 
or the charge on the internal part of the atom is the determining fac- 
tor. The reason for this will become obvious later. Inasmuch as 
beside the radium-uranium series of radioactive elements there are 
two other series, the thorium series and the actinium series, all of 
them haviner atomic weights in this region of the Periodic Table and 
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giving many products of a and changes, there must be several of the 
positions in the Periodic Table which are simultaneously occupied 
by the radioactive elements or their end products which have similar 
chemical properties and inner charges, while their atomic weights may 
differ by considerable amounts. It is now known that ordinary lead, 
whose atomic weight is determined as 107, is composed of at least 
two leads, the ultimate results of disintegration of radium and thorium, 
having atomic weights 106 and 108, respectively. Such elements with 
similar chemical properties and occupying the same position in the 
Periodic Table but having different atomic weights are called isotopic 
elements. The existence of these was first discovered by J. J. Thom- 
son in the study of positive rays to be discussed. He discovered that 
neon gas consisted of two elements with identical physical and chemi- 
cal properties but different atomic weights in the neighborhood of 
20 and 22. The development of Thomson \s method by Aston and 
Dempster has led to the discovery that almost all of the elements in 
the Periodic Table are isotopic. The atomic weights are therefore 
very closely whole numbers, and where we find elements having frac- 
tional atomic weights like chlorine we know that they are composed 
of two or more isotopic elements having different atomic weights (in 
this case, 37 and 35, respectively). Thus these investigations have 
shown us that matter is nuide of electrons and positive charges some 
of which seem to come out of the internal structure of the atom 
(nucleus) in the form of and a particles, and it is seen that the 
number of these charges in the internal structure of the atom pro- 
foundly determine the chemical properties, while the weight of the 
atom is of distinctly less significance. 

While all this was going on, a man by the name of Goldstein 
observed in a cathode ray tube that there was projected through a 
hole in the cathode a beam of rays which had a positive charge mov- 
ing in the opposite sense from the cathode rays. These were studied 
more accurately by W. Wien, and finally by J. J. Thomson, who 

showed that the value of — for thevse particles indicated them to be 

m 

positively charged atoms of matter that had lost electrons. In hydro- 
gen he was never able to knock out more than one electron ; in lithium 
no more than three. In heavier elements, like Hg, he was able to 
knock out as many as eight, which was the highest number observed, 
and was observed in the case of mercury. This led to the conclusion 
that the positive charge always remains with the atom while electrons 
may be knocked off. It was Rutherford who showed by the scattering 
of a particles by atoms that the electrons which made the atom neutral 



STRUCTURE OF THE ATOM 


317 


were moving in the outer part of the atom while the positive elec- 
tricity was contained in a minute nucleus in the center of the atom. 
The size of this nucleus was of the order of magnitude of 10~^^ cm 
while the diameter of the atom was of the order of 10“* cm and the 
force between a particles and the nuclei i of the atoms closely follow 
Coulomb’s law of force down to distances of the order of magnitude 
of 10 cm. Rutherford and his pupils were also able to measure 
the charge on the nucleus and found that the charge on the nucleus 
corresponded very closely to a law deduced by Moseley, which said 
that the charge on the nucleus was equal to the fiiimber of the element in 
the Periodic Table of the elements. This explains why hydrogen, the 
first element, had only one external electron, for it has only one posi- 
tive charge. Helium has only two external electrons because it has 
only two positive charges. Sodium has eleven external electrons 
because it is the eleventh element in the Periodic Table, and has 
eleven units of positive electricity on its nucleus. Rutherford w^as 
later able to show that by shooting fast helium atoms, or a particles, 
into the nuclei! of atoms, like nitrogen, aluminum, and others, he was 
able to knock out hydrogen nucleii or protons, of very high velocity. In 
doing this the atom of nitrogen was changed chemically, as it had its 
nuclear charge altered, making it a new element. The a particle in these 
encounters as visually shown by Blackett goes into the nucleus with 
its mass of 4 units and its charge of 2+ units, and an H nucleus with 
mass 1 and 1+ charge comes out; the new element has a charge of 
8+ and is similar to oxygen with an atomic weight of 14—1+4, 
or 17. Thus we observe here an actual case of the transmutation of 
an element caused by an external source. The radioactive elements 
are elements which are spontaneously undergoing transmutation. 
The artificial transmutation here described however is exceedingly 
inefficient. One must shoot on the average ten million fast a parti- 
cles into a gas like nitrogen to get one atom of nitrogen transmuted 
to its oxygen-like product. It is therefore improbable that we have 
achieved the dream of the old alchemists of being able to change lead 
into gold cheaply, inasmuch as the energy expenditure involved is 
worth millions of times the value of the gold. Hence, observationally, 
from radioactive and artificial disintegrations we find the nucleii of 
the elements to consist of helium nucleii and hydrogen nucleii with 
some electrons as the P rays indicate. This enables us to picture the 
constitution of the nucleii. In an element, for Instance, like helium 
which has a mass 4, and a charge 2, there must be 4 hydrogen nucleii 
to give it its mass, and 2 electrons to give it a charge 2. The hydrogen 
nucleus, which is the smallest positive charge and whose charge is equal 
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to that of the electron but opposite in sign, is the unit of positive elec- 
tricity and is called the proton. It is much smaller than the electron, 
though more massive, its effective radius being possibly of the order 
of 10“^® cm. 

We see thus that matter is made up of positive protons and nega- 
tive electrons. It is further seen that there are two types of structure 
into which these units can combine in building up the atoms of matter. 
Electrons and protons combine together in very compart forms with 
a residual positive charge giving the atomic nucleii. These are small 
and are of the order of 10“^^ cm in diameter or less. The net number 
of positive charges on any given nucleus determines furthermore the 
number of electrons which are held in orbits about a neutral atom. 
Thus an atom with a positive nuclear charge of 20 units having a 
nucleus made up of 10 « particles or 40 protons, and 20 cementing 
electrons, will have moving about its minute nucleus twenty other elec- 
trons moving in orbits whose average radii fall into different groups. 
In a neutral atom, however, as electrons are added to the outer struc- 
ture of the atom, they will arrange themselves in the most stable con- 
figurations. The work of Lewis, Kossel, and Bohr indicates that the 
preferential stable configurations are vsystems of 2, 8, 18, or 32 elec- 
trons in orbits. As the number of electrons exceeds one of these con- 
figurations added electrons go to the outside of the atom, starting a 
new group which is therefore dynamically unsteible and will react 
violently chemically to attempt to complete its more stable configura- 
tion where possible. It will often do this at the expeiivse of its elec- 
trical neutrality. (See Chapter XII.) Needless to say, where the 
incompleteness of the shell reaches dimensions of 16 out of 32 elec- 
trons, as in the longest period of the table, the change of one or more 
electrons will not improve conditions very much, and we find in this 
part of the Periodic Table rather indefinite chemical affinities, e.g., 
the rare earths. 

In argon, the outer atomic electrons will first consist of two elec- 
trons fairly close to the nucleus, that is, about 10”^^ cm away, then 
there will be a group of orbits having an average radius of the order 
of 10“^ cm, and finally there will be still another group of 8 electrons 
reaching well out to 10~^ cm, and which form the surface of the atom. 
Chemical combinations, such as we know them, depend entirely on 
the electrical forces and the affinities between the outer shells or 
groups of electrons and the rest of the atoms. They are consequently 
of a very superficial nature, and the distance being great in these 
cases the forces will be small compared to those inside the nucleii or 
in the inner shells. We thus see how a further study of the nature of 
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matter has ultimately led us back to a description of all matter based 
on electrical charges. It is, therefore, very necessary that we under- 
stand the laws of electricity in order to be able to further our knowl- 
edge of atomic nature. 

134. ELECTROMAGNETIC RADIATIONS 

A word or two more might be said about the so-called gamma rays 
and x-rays. X-rays and gamma rays have been shown to be electro- 
magnetic radiations exactly similar in nature to light waves and the 
long Hertzian oscillations now used in radio. The only difference is 
one of wave length. The x-rays range in wave length from 10“^ cm 
to 10“^ cm as compared with light waves of cm. Gamma rays 
are still shorter x-rays which come from radioactive transformations. 
They have wave lengths of from 10“^ to 10“^^ cm. The gamma rays 
are different only in that they come from vibrations of electrons 
inside the nucleus, whereas the x-rays mainly come from vibrations of 
the first two inner layers of electrons in the atom. These are the layers 
at about 10“^^ and 10~^ cm from the nucleus, and are called the K 
and L shells. The visible and ultraviolet light waves come from vibra- 
tions of electrons on the outsides of the atoms. Their wave lengths 
extend from 10“^ cm to about 10"^ cm. The long heat waves with 
which we are familiar come from the vibrations of whole charged atoms 
in solids. Their wave lengths extend to close to 10“^ cm. Beyond 
this we reach into the regime of vshort electromagnetic waves. For 
such waves, to get high frequencies, T must be small, and this means 
self-induction and capacity must be vsmall. Such oscillations can be 
obtained from minute iron filings in oil when discharge conditions are 
proper. From those on to the infinitely long wireless waves is merely 
a question of the proper conditions of capacity and self-induction. 
It was to the credit of Laue, and of Bragg following him, that we were 
able to prove that x-rays are light waves and to measure their wave 
lengths. All our diffraction gratings have distances between the rul- 
ings too great to diffract light of the shortness in wave length of x-rays. 
Laue remembered that regular atomic spacing in crystals gave dis- 
tances of the order of magnitude of the wave length of x-rays. He 
consequently concluded that the atoms in a crystal must be able to 
scatter x-rays and cause diffraction patterns. He showed this was the 
case. Today, we have even succeeded in refracting x-rays and meas- 
uring the index of refraction for them, as well as measuring the wave 
length directly with ruled diffraction gratings at grazing incidence, 
thus showing them to be in all respects identical in nature with the 
light waves. It is seen that these electromagnetic waves cover an 
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enormous range from kilometers in length to 10 "^^ cm. The only dif- 
ference in them is the nature of their origin. An electrical body of 
small inertia, an electron tightly bound in the nucleus, gives the high 
frequency Ovscillations of 7 rays. An inner electron in the neighbor- 
hood of the intense field of the nucleus will give a frequency charac- 
teristic of the x-rays. A valence electron or a lightly bound atom in 
a crystal or the molecule of a gas gives light or heat waves, and a mass 
of electrons surging in a system with inductance and capacity at a 
low frec|ucn('y gives wireless waves. 


Wave 

RariKO 

Source 

Name 

How and by 
whom studied 

00 

to 100 ( m 

Movement'; of electricity 
in lar^o systems with capa- 
city and self-induction 

Radio Waves 

Predu ted by 
Maxwell Dis- 
covered by 
Hertz 

100 cm 

to 01 < m 

Hloctrnal oscillations of 
minute systems, metal 
filings. 

V'ery short 
c 1 e e t r o m a g- 
nctic waves 

Nichols and 
Tear Large 

gratings. 

.01 cm. 

to 7 X 10 •» cm 

Oscillations or vibrations 
of charged atomic or molec- 
ular systems, ions in crys- 
tals or gas molecule^ Ro- 
tation of dipoles 

Infra-red or 
heat waves 

i 

R u bens 
P a s c h e n 
(Iratings and 
residual rays 

7 X 10-5 

to 4 X lO 'o cm 

Loosely hound outer va- 
lence electrons. 

Visible light 

1 

Prisms, grat- 
ings, interfer- 
ometers 

4 X 10 5 

to 1 6X105 cm 

Outer elec Irons more 
tightly bound 

Ultra-violet. 

S c h u m a n n 
a n d Lyman, 
gratings 

1.6 X 10 5 

to 1 2 X 10 c cm 

Inner eh'ctrons of light 
atoms, or electrons in 
stripped light atoms, or 
shells next to valence shells 
of heavy atoms 

Extreme ul- 
traviolet or soft 

x-rays 

Millikan and 
Bowen. Vac- 

uum spectro- 
graph, grat- 

ings. 

1.2 X 10 6 

to 1 , 6 X 1 0 8 (. m 

Interior electrons of ele- 
ments. 

Very readily 
observed by all 
methods. 

Thibaud re- 
flected from 
glass gratings 
at grazing inci- 
dence. 

1.6 X 10 -» 

to 1 25 X 10 9 cm 

Innermost electrons of 
atoms, shorter waves apply 
to heaviest atoms. 

X-rays hard 
and soft, K 
and L scries. 

Crystal grat- 
ings, Lauc, 

Bragg, also 
from = 

= hy, y~C/\. 

1.25 X 10-9 

to 5 56 X 10-11 cm. 

Nuclear electrons latter 
are hardest ones from radi- 
um C. 

7 -rays. 

Robinson, de 
Broglie, Ellis, 
Meitner from 

s Ai/, V 

from magnetic 
field 



CHAPTER XXVII 


THE PHOTOELECTRIC AND THERMIONIC EFFECTS 

In the rapid adaptations of modern scientific discovery to indus- 
trial and practical purposes there are two more or less recently dis- 
covered and develop^ed sets of electrical phenomena which are of wide 
application and of considerable importance. One of these is the 
so-called photoelectric effect and the other one is the thermionic effect. 
In a text of the scope of this one the widespread use of these phe- 
nomena demand their inclusion. However in keeping with the spirit 
of this text the subject will not be dealt with in its practical applica- 
tions to any great extent, nor is there space to discuss anything but 
the underlying foundations of the many different applications. 

PART I. THE PHOTOELECTRIC EFFECT 

135. EARLY DISCOVERIES 

In 1887 Hertz, the discoverer of the electromagnetic waves, noticed 
that the spark in his receiving set passed less readily (i.e., required a 
shorter spark gapi) if the spark were screened from the spark in his 
primary sending vset causing the oscillations. In a masterful research 
investigation, which could be chosen as a model of scientific analysis, 
he determined the nature of the phenomenon. He showed that ultra- 
violet light from the primary spark caused the spark in the receiving 
set to pass more easily if it fell on one of the electrodes, namely, the 
cathode. The radiations effective traveled in straight lines, were 
reflected, refracted and absorbed by certain vsubstances, while others 
transmitted them. The wave lengths of light effective were well 
beyond the visible towards the violet end of the spectrum. He found 
that an electrical arc was more effective than the spark. The work 
was carried farther at once by Ebert and Hallwachs. The latter 
studied the action of the light from an arc on electrostatically charged 
bodies. It was found that the light falling on a negatively charged 
zinc plate connected to an electroscope caused the electroscope to 
discharge rapidly, while if the zinc plate was positive there was no 
discharge noticeable. The result was shown to be due to ultraviolet 
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Thus the photoelectric effect (literally light-electric effect) was 
discovered. The action of the light resides on the metal, the air being 
inactive, and is very much a function of the condition and nature of 
the metal on which it falls. A clean plate of an electropositive metal 
like aluminum or zinc was more effective than iron, and corrosion 
destroyed the effect entirely. Hallwachs finally concluded that nega- 
tively electrified particles travel away from the plate when it is illu- 
minated, and that this occurs for an uncharged plate but is more 
effective if the plate is negatively charged. The residual charge on 
illuminating the uncharged plate was positive, proving the escape of 



Fk;. 131a. — Device for a Study ITo. 131/>. — Device for the JStudy of the 

of the Photoelectric Effect Using Photoelectric Effect Using a Quadrant 

a (jalvanoincter. Electrometer. 


negative particles to be the cause. For the study of this phenomenon 
Stoletow devised the simple circuits shown in Figs. 131a and 1316. 
In these the light from an arc or burning magnesium ribbon focused 
by a quartz lens L falls on a plate B after passing through a gauze A. 
A and B form two plates of a parallel plate condenser connected to 
the battery E through a galvanometer G, Fig. 131a, or an electrom- 
eter il/. Fig. 1316. The plate B must always be negative. Fleming in 
1909 found that if an alloy of Na and K was used on B while A was 
Pt an E.M.F. between A and B of 0.6 volt could be built up due to 
the flow of negative electricity from B to A, using scheme (6). This 
potential it was early discovered is the contact difference of potential 
(formerly called the Volta difference of potential) an intrinsic property 
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of the metals which was first observed by Volta in his studies on the 
galvanic cell. Fleming obtained a current of 5.4 microamperes, pre- 
sumably with the battery and a galvanometer of resistance of 180 
ohms. Righi had previously shown that the new photoelectric effect 
took place in vacuum with even better results than in the presence 
of gases. In 1890 Elster and Geitel showed that the effect in vacuum 
was reduced when a magnetic field parallel to the surfaces w^as used. 


136. LIBERATION OF ELECTRONS BY LIGHT 

The discovery of the electron by J. J. Thomson as a result of the 
investigations of the nature of the bluisli streamers from the cathode 
causing x-rays in a highly evacuated tube led to a speedy identifica- 
tion of the negative electrical particles of Hallwachs with electrons. 
The experimental proof of this identity was made by Thomson in 
1899. From then on the development of the subject owes much to 
P. Lenard in 1900 and thereafter. He checked Thomson’s results, 
using the photoelectrons in vacuum by a slightly different method. 
The fact that the particles were electrons liberated by light led to the 
name photoelectroiis given them today, and the effect is known as the 
photoelectric (or light-electric) effect. Lenard next studied the cur- 
rent as influenced by the potential between the illuminated plate or 
electrode and an opposing electrode in vacuum as a function of the 
potential difference between the electrodes. Fie found that at 0 poten- 
tial difference he got a small but definite current. As he made the 
illuminated electrode more and more negative relative to the other 
electrode the current increased rapidly at first and then more slowly, 
reaching a maximum or “ saturation ” value at 100 volts or more, 
thereafter remaining constant. This indicated that as the electrical 
field increased more and more electrons that had been liberated by 
the light were drawn to the po.sitive electrode, thus increasing the cur- 
rent, and that in his apparatus at 100 volts all electrons liberated 
were drawn out and contributed to the saturation value of the current. 
Together with other results this effect of the field indicated that the 
electrons were liberated in all directions and at different velocities. 
The reason that at low fields the currents were .smaller lies in the fact 
that owing to this directional effect the weak fields let many electrons 
get back to the illuminated plate, or escape to the walls of the vesvsel. 
At higher fields the electrons were drawn more and more nearly 
directly across from cathode to anode by the field. 

Lenard also found that as the illuminated plate was made slightly 
positive the current was reduced but did not stop until the plate was 
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positive by some 2.1 volts relative to the collecting plate. He cor- 
rectly interpreted this as due to the fact that some electrons were liber- 
ated at high initial velocities. That at 2.1 volts no more electrons 
crossed meant that the fastest electrons which were headed directly 
for the collecting electrode from the illuminated electrode had only 
just enough energy to reach the collecting electrode against the field 
of 2.1 volts that retarded them. Since the electron carries a charge of 
e units {e = 4.77 X 10~^® E.S.U.) the work done on the electron in 
going from one electrode to the other against a field of V volts is Ve 
ergs of work (F in volts being properly expressed in E.S.U. ). To be 
able to move against a field of V volts an electron of charge e must 
have a velocity v given by the relation Ve = \mv^ where m is the mass 


of the electron in grams. 


Hence v in cm/sec = 



If F is 1 


volt = 1/300 E.S.U., ^ = 4.77 X lO'^o e.S.U., and m = 8.99 X 10-"s 
grams, it is seen that an electron able to move up against a potential 
of 1 volt (or an electron that has been freely accelerated by a potential 
difference of 1 volt) will have a velocity of 5.948 X 10^ cm/sec. In 
the modern physical terminology it is often more convenient to speak 
of electron velocities in F volts; that is, to describe the velocity as 
that acquired by an electron in a free fall across a potential of F volts. 
It is seen that the velocity is then actually given by a/f 5.948 X 
cm /sec, F being expressed in volts. The velocity of the fastest of the 
photoelectrons observed by Lenard therefore must have been about 
0.86 X 10® cm/sec. At lower positive potentials of the emitting 
plate slower electrons can cross to the collector as well as electrons 
whose directions are not normal to the collecting electrode, but whose 
components of velocity in that direction are such that they exceed 
5.948 X 10^ V'f cm/sec. Lenard and others before him also found 
that the presence of gases reduced the currents under otherwise iden- 
tical conditions. This is due to a number of causes, namely: 

{a) Change in the nature of the metal surfaces from which elec- 
trons were emitted as a result of adsorption of gas or chemical reactions. 

{b) Reduction of energy of electrons by collisions with gas mole- 
cules and an angular scattering of electrons by the latter resulting in 
their ultimate return to the illuminated plate. 

(c) By loss of electrons to molecules in the formation of slowly 
moving negative ions by electron attachment. 

If actions a and c are absent (i.e., as in the case of argon or helium) 
the effect of gases should be merely to raise the saturation voltage. 
This does not seem to be the case and there is today no explanation 
of the failure. 
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It should be noted that the maximum velocities of the electrons 
observed depended not only on the nature of the material of the illu- 
minated electrode but also on some condition inherent on the combina- 
tion of the metals used in both electrodes if they were in any way dif- 
ferent. This phenomenon involving both electrodes had been earlier 
observed and correctly attributed to contact potentials between metals, 
which act to accelerate or retard the photoelectrons and whose value 
must be determined and added to or subtracted from the applied poten- 
tials in any quantitative study. The contact potential is the potential 
difference which acting on unit charge represents the work required 
to move an electron from the one metal to the other through their 
surfaces against the surface electrical fields existing in the metals. 
These potentials are related to the values of C, /i and x» discussed 
later on page 335. 

In the discussion of all that has gone before it was assumed that 
the intensity and the nature of the light source was kept constant. 
It is not surprising that Lenard found that the saturation current 
varied with the light intensity, and that in fact the current was 
directly proportional to the light intensity. This law has been amply 
verified since and has been found to hold for light intensities which 
in total vary in the ratio of 1 to 10^, although in any one experiment 
the study has not been made for a single range of intensities of more 
than 10 fold. It is, however, unquestionable that in the range stud- 
ied quite accurate proportionality exists. It is, therefore, not .surpris- 
ing that in the great techniceil applications of today the propor- 
tionality between the electrical current in the photo electric effect and 
the light intensity should give a valuable means for converting varying 
light intensities to proportionately varying electrical intensities. It 
is in fact on this basis that the modern “ talkies as well as the new 
television and many other devices operate. 

137. THE EINSTEIN PHOTOELECTRIC LAW 

While it was early known that the frequency of the light played 
an important r61e in the photo effect the exact nature of the process 
was little understood. It was known that the effect was produced by 
ultraviolet light. The earlier workers Stoletow and Elster and Geitel 
found further that there was a limit on the red side of the spectrum 
below which ultraviolet light ceased to be active. It was further 
found that the wave length of the ultraviolet light which marked this 
threshold varied with the metal used. In other words there appeared 
to be a long wave length (low frequency) limit to ultraviolet activity 
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which varied with different metals used. It was also found that this 
threshold depended somewhat on the gas and the condition of the 
surface. Another early observation was the discovery of the effect 
known as photoelectric fatigue. It was observed particularly in 
the presence of gases, or residual gases, that the photoelectric effect 
varied with the time of illumination and that with prolonged illumina- 
tion the quantity of current decreased. The fatigue is today little 
understood, and has been much reduced by the elimination of reactive 
gases and features causing the formation of surface films. 

In 1905 a new era dawned in the investigation of the photoelectric 
effect. This was in part due to some observations of Lenard which 
indicated that the maximum velocity of the photoelectrons, as meas- 
ured by the potenticd against which they could reach the collecting 
electrode, depended on the frequency of the ultraviolet light. This 
fact stimulated iunstein to discuss the effect on the basis of the then 
rather newly developed quantum theory. As a result of his attempt to 
find an accurate equation for black body radiation Max Planck in 1900 
had arrived at the conclusion that a satisfactory eciuation could only 
be obtained by avssuming that radiant energy (light) was emitted or 
absorbed in units or quanta. He had found that the size of this unit 
or quantum varied with the frequency v of the radiation and was given 
by a whole multiple of the quantity hvy where h was a new universal 
constant of nature known as the unit of quantum action. As shown 
on page 69, i' is a frequency and has the dimensions of the reciprocal 


of time or while hv has the dimerivsions of energy. 


Hence h has the 


dimensions of an energy times time, or It is also of impor- 

tance to note that mvr, the moment of momentumj has the dimensions 
of ML^T~^ so that h has at the .same time the dimensions and perhaps 
the properties of a moment of momentum, which is called action, 
as well as energy multiplied by time. Hence h is the unit of action. 
This peculiar dualistic property of the quantity h was destined to 
play an enormously important role in the hands of Bohr when he 
came to unraveling the spectra of the elements in relation to the new 
Rutherford theory of atomic structure. Basing his views on Lenard's 
observations concerning the frequency of the incident light and veloc- 
ity of photoelectrons, and on a rather extreme interpretation of the 
notion of the r61e of the quantum in light, Einstein derived a mathe- 
matical equation expressing a relation between the frequency of the 
light and the electron velocity in photoelectric emission. This equa- 
tion may be written 

== eV — hv — P 
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In this equation m is the mass of the electron, v its velocity, e the 
charge, V the potential necessary to stop the electron (i.e., the volt 
equivalent of its velocity) and P the energy necessary to remove an 
electron from the metal with 0 velocity. That is, P represents the 
energy to just set an electron free from the interior and bring it through 
the surface of the metal. By bringing the frequency v down to lower 
and lower values it is seen that z; = 0 at hvo = P, where is the fre- 
quency for which electrons emerge with no velocity. This frequency 
it turns out is the limiting frequency spoken of above, below which 
no more electrons can emerge; that is, pd is the red threshold of the 
photoelectric effect. Einstein’s equation then can also be written as 
\mv^ = hv hvo. The quantum theoretical view point on which 
Einstein derived the equation was an extreme one, and he not only 
avssumed absorption or emission in quanta as had Planck, but that 
the light was actually quantized in space. Later developments led 
him to conclude that his initial assumptions were untenable and hence 
that the deduction was not valid. With a peculiar irony of fate, how- 
ever, the next researches of Ladenburg, Richardson and Compton and 
Hughes indicated that the energy of the photoelectrons was propor- 
tional to the frequency of the incident light, although the proof was 
not exteiivsive enough to be concluvsive. Finally in 1914-1915 Millikan 
and his pupils developed a technique for making a careful test of the 
law and accurately verified it. One of the great drawbacks in investiga- 
tion had up to this time lain in the difficulty of getting clean outgassed 
surfaces. Using high vacua made po.ssible by improvements in vacuum 
technique, and a new method of shaving the surfaces of his photo- 
electric metal in vacua, thereby getting fresh surfaces (the soft alkali 
and alkaline earth metals were largely used) Millikan was able to make 
a real test of the law. These experiments showed that the equation 
held very accurately. The source of error due to the contact poten- 
tial was eliminated by proper control methods (i.e., independent 
evaluation of the contact potentials), so that the true energy of the 
photoelectrons could be measured, the values of vo for the different 
metals were determined, and finally a new and for that period very 
accurate value of h was obtained. Within a year or two the work of 
Duane, and of D. L. Webster, established the law accurately for the 
photoelectrons from x-rays. The final and most accurate verification 
in the latter field came from the work of Maurice de Broglie and of 
Ellis between 1921 and 1925. In fact the equation is now so well 
established that it furnishes a method of obtaining the wave length and 
frequency of electromagnetic waves too short to be analyzed by crystal 
structure methods, such as, for instance, the gamma rays of radium. 
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138. THE INTENSITY OF PHOTOELECTRIC EMISSION 

Having now the general principles of the photoelectric emission 
before us perhaps a few words might be said concerning some of the 
more detailed aspects. First mention might be made of the propor- 
tionality of photoelectrical current intensity and the light intensity. 
This law of proportionality holds up to current densities of the order 
of 3 X 10“^ amperes/cm“. Further increase in intensity could cause 
apparent deviations unless care is taken to increase the field between 
source and collector, for with high current densities space charges due 
to accumulations of large numbers of electrons can increase the satura- 
tion voltage necessary, as we shall see later in connection with ther- 
mionics. Hence one must emphasize the necessity of the use of 
saturation currents in all measurements. For very small currents 
proportionality still holds down to 10"^ ergs/cm^ incident light inten- 
sity of blue light, or 200 quanta per cm". Below this the currents 
must be amplified by ionization by collision, and emission is so slow 
as to be sporadic. The average emission even down to 10“^^ erg/cm^ 
per sec incident light intensity (2 quanta/cm^ per sec) still is propor- 
tional to the intensity if measured .so as to get an average value. The 
first electrons are liberated at the instant of illumination even over 
time intervals of 10“^ seconds. This fact caused some difficulty in 
the understanding of the action of light, for with the minute energies 
used it was impossible to understand how one electron in a metal 
surface could instantly (10~^ seconds) gain a whole quantum unless 
light went in particles. The wave mechanics has, however, removed 
this difficulty entirely. 

When the study of the law of emission as a function of intensity 
is carried out for the use of light incident at angles differing from 
normal, care must be taken to remember that it is the absorbed light 
which causes emission. Hence as the proportion of absorbed to 
reflected light varies with the angle of incidence and reflection, we 
should expect a variation of the photoelectric intensity as a function 
of the angle of incidence for a constant light source. The work of 
Elster and Geitel and of Pohl showed that the change of emission with 
angle was quite accurately proportional to the absorbed light intensity 
for different angles. 

It being understood that below a certain frequency vo no light is 
able to call forth photoelectric currents; it is of interest to see how the 
current changes with frequency above the threshold. It is best in 
this case to plot current per unit light energy absorbed at various 
frequencies of incident light. The type of curve obtained for different 
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metals in such measurements is shown in Fig. L12. The curves begin 
at the long wave length limit, are concave upward, increasing more 
rapidly with v than proportional to u and approach a linear relation. 
It might be expected from classical reawsoning that the curves should 
flatten out at the higher frequencies and show a portion concave to 
the origin. This variation has not been observed thus far experi- 
mentally except with the alkali metals, as will be seen later. It is also 
to be expected on the newer concepts of the electrical behavior of 
metals. It is, however, probable 
that the point of inflection in most 
measurements lies well above fre- 
quencies that can be controlled 
in the laboratory in such experi- 
ments. Various attempts have 
been made at deducing proper 
equations for this phenomenon, 
but until the recent work of Pauli 
and Sommerfeld on the theory of 
the nature of the electronic state 
in metals no success had been 
achieved. More recently on the 
basis of the Sommerfeld theory of 
the state of the electrons in metals 
Wentzel has made what appears to be a promising approach. The 
nature of the electron theory of metals is well beyond the scope of this 
text and hence cannot be included, although a word might be said 
concerning the nature of the new theory. 

139. THE SOMMERFELD-PAULI CONCEPT OF THE FREE ELECTRONS IN 

METALS 

As a result of the high conductivity of metals and the optical 
properties of metals as stated in Chapter XIII the electrons in metals 
were assumed to be free in the crystal lattice of the metal in consid- 
erable numbers and to share in the thermal energy of the metal. In 
order that a free electron inside a metal which possesses 0 energy can 
escape from the metal a certain energy, of value C, must be given to it. 
That is, C is the work required to pull an electron out of a metal sur- 
face into free space against the attractive forces. It can be called 
the true work function. This work C is dependent on the nature of the 
metal (i.e., its atomic species and crystalline state). In general it 
represents a rather high energy value of the order of magnitude of 
that required to move an electron against a field of from 10 to 20 volts. 



Fi(i. 132. — Photoelectric Current per Unit 
Incident Lij^ht Energy as a Function of 
Frequency of Incident Light in Cycles ixir 
Second. 
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Were the electrons at rest in the metal and also free^ then the photo- 
electric threshold would be represented by the relation that C = hvo. 
Now in general electrons have long been assumed to be free in metals 
as a result of optical studies on the reflecting power of metals, as well 
as from considerations dealing with the peculiar constancy of the 
ratios of electrical and heat conductivities in metals known as the 
Wiedemann-Franz law. The estimated number of free electrons was 
of the order of one or more free electrons per atom present (i.e., 
in silver about 6X10^^ electrons per cm^). 

If such electrons are free it was believed that they should be mov- 
ing about among the atoms of the metal crystal lattice with an average 
energy of motion given by = IkT (where T is the absolute tem- 

perature and k is the gas constant R divided by the number of mole- 
cules in a gram molecule), due to interchange of heat energies with the 
atoms of the lattice. At 0° C. this energy of motion amounts on 
the average to about 0.0356 electron volt of energy. Hence the 
work to remove an electron at 0° C. would not be C, but should on 
the average be C *— 0.0356 volt. However, if the 6 X 10^^ electrons 
in a cm^ of Ag, for example, have this freedom of energy exchange 
with the atoms, they might be expected to take on a large amount of 
heat as the temperature of the body is increased, for each electron 
acts like an atom in energy exchange and there are 6 X 10^^ elec- 
trons/cm^. If the electrons acted according to classical theory this 
would increase the atomic heats of all metals by 50 per cent above the 
value observed by DuLong cind Petit (atomic heats of pure crystalline 
metals = 6 calories). The fact that metals have the atomic heats 
given by DuLong and Petit’s law thus indicates that somehow the free 
electrons do not behave in a strictly classical manner. It is at this point 
that Sommerfeld improved the situation by applying the non-classical 
quantum statistics of Fermi and Dirac, together with the famous 
exclusion principle of Pauli, to electrons in metals. 

While we cannot here enter into the nature of the reasoning by 
which the law of distribution was derived the nature of the reasoning 
may be indicated. Normally, particles in an atomsphere (i.e., atoms 
in a gas, or electrons in an electron atmosphere) which are in thermal 
equilibrium have the velocities of their constituent particles dis- 
tributed around a mean value represented by the famous Maxwellian 
distribution law. This says that out of a total of N particles in the 
gas the Ndc particles having a velocity between c and c + dc is given 
by the law that 

4 A' 

Ndc = -^dc. 
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Nde 

This law is pictured in Fig. 133 where is plotted against c for 
dc 

values of — equal to 0.1. In the figure a is the most probable velocity 
a 

and is represented by the peak 
□f the curve. This velocity a 
is determined by the absolute 
temperature T of the gas, and 
is related to T by the relation 

— a- = kl — — 1 . 

2 Na 

Here m is the mass of the par- 
ticle (atom or electron) and k is 
the gas constant Ra per mole 
divided by the number of 
atoms in a mole. 

It is for some purposes 
more convenient to divide the 
velocity c into components u, v 
and w along the X, Y and Z 
axes, and to express the chance that a particle has simultaneously 
velocity components between u and u du, v and v dv and w and 

W + dw 3iS 

W*. « . .o . ov 

W* + 0* + to* 
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Fic.. 133. — Maxwell’s Law for the Distribu- 
tion of Velocities among Molecules. Ordinates 

N,lr . dc 

Arc in Per Cent, Abscissae c for — = 0.1. 
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dii dv dw 
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Fig. 134. — Chance that a Molecule Has Sim- 
ultaneously the Velocity Components u, v, 
and w Plotted as Ordinates against the Com- 
bined Velocity as Abscissae. 

ized. The reason for this lies in 


This form of the function is 
shown plotted against c = 
\/ ii^ v"^ w^ in Fig. 134. 

This law holds very well 
for gases, particularly as gases 
do not exist as such at very 
low temperatures. Under the 
conditions which might ob- 
tain at temperatures near 
absolute zero in gases and 
which do obtain for electrons 
in metals at room tempera- 
tures this law cannot be real- 
the fact that it appears that 
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even the translational energies of a gas or an electron assemblage 
can Ije quantized by using the principle of action; for the conditions 
in the gas can be accurately pictured in terms of the momenta mu, 
mv and mw along the three axes and by the positions x, y, z of the 
separate particles, and the proper combinations of momenta and dis- 
tances give action which can be quantized. The products of the 
momentum components along x, y and z and the space coordinates which 
lead to the action units that arc quantized can be assigned different 
values depending on how many quantum units they contain, so that 
a picture of a gas at any temperature can be derived by counting up 
the various combinations of quantized action states which can go to 
describe the state of the gas, as regards the momenta and positions 
of its component parts. The statistics of Fermi and Dirac permit one 
lo do this for the average state of an ideal gas, and add a restriction 
that only I atom, or 2 electrons (as there are two kinds of electrons with 
right and left handed spin), may at one time occupy each one of the pos- 
sible quantum states describing the f^as. The number of quantum states 
in such a picture is limited and finite. If now the concentration of atoms 
or electrons is high, space is so limited per atom or electron that there 
would be at the low temperatures more than 2 electrons for each state, if 
we assumed the ordinary Maxwellian distribution given above; for all 
the electrons or atoms are crowded into the narrow limits under the 
bell-shaped curve. But since there can be only 2 electrons in each 
separate state the Fermi-Dirac statistics give us a new distribution 
law which must vary in form with the density of the electron gas, and 
with the temperature in a fashion to be described below. The new law 
may be written as follows: 


f{u, V, w) dll dv dw 


2m^ du dv dw 

h}^ ^ 1,2 ^ w^)-f\/kT 

j I 


In this equation all symbols are as before except that Planck's h 
appears here as a result of quantization, and the 2 refers to the fact 

that 2 electrons may occupy each cell. The quantity /x = 

to a first approximation is the important new factor which appears. 
In this term n represents the number of electrons per cm^ of the metal. 
m 

For values of “ {ii^ + w-) (the kinetic energy of an electron) 



less than the critical constant /x, it is seen that for relatively low 
values (ff kT (i.e., lower temperatures T) the exponent of e has a 
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negative sign and is large. Hence the exponential term vanishes in 
comparison to 1 and we have a distribution law of the form 

2n?'^ 

f{tiy V, w) du dv dw = dii dv dw^ 


which is constant. At the value of a velocity 


V{) 



//- + 


m 

corresponding to /x == y (/<“ + + w-), for small v^alues of kTy the 

exponential term becomes 0 and the exponent changes sign rapidh', 
increasing as v rises above z»o. 

For higher values of v the t in 
the equation may be neg- 
lected, and V, w) dti dv dw 
drops sharply in an exponen- 
tial manner to 0, remaining at 
0, following however a curve 
of the Maxwellian form shown 
in Fig. 134. If 7' is very nearly 

0 the new distribution curve ^ 

. 1.1 • !>• 4 'ir 1 135 . — Distnhiition of LiierKV Aniont» 

IS that shown m hig. 135 by ,, ^ • At . i i> • r 

^ rree Klectrons in Metals on the Basis of the 

the full rectangular lines, the 
drop occurring at the velocity 
vq above. The higher the 

value of /X (i.e., the greater the electron density), the higher the value 
of T for which a given rate of fall occurs, and the higher lies the critical 



Fermi-Dirac Statistics as Applied by Soni- 
nierfeld. 


m 


velocity or the critical energy 


The interpretation of this 


curve now becomes obvious, for it is to be remembered that at very 
low temperatures (for 7' near absolute 0) there were so many low 
energy states among the electrons that they exceeded the number 
allowed according to the arrangement of states given by the Fermi- 
Dirac statistics. These electrons still exist in a free state but arc 
bound in an energy distribution which gives them far more energy 
than the temperature of the metal permits, because they cannot 
occupy lower energy states and hence must go to the higher ones that 
are vacant. Accordingly, in a metal at low temperatures while there 
are a few electrons in equilibrium with the temperature which can 
exchange energy according to the usual laws, there are a great many 
electrons occupying positions of high energy content which are unable 
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to share their energy with the atoms of the metal. The electrons in 
this peculiar state are called degenerate. At absolute zero all the elec- 
trons are degenerate, and the distribution of energy among the degen- 
erate electrons is that given by the rectangle of Fig. 135. In this 
condition the number of electrons of velocity components du^ dv, dw, 
is constant up to the critical combined velocity voy 


Vo = \^(u- + V- + w‘^)oy 

and then 0 thereafter. 

As T is incrcavscd the exponential function for velocities less than 
V() begins to be appreciable, and the exponential term with negative 
exponent adds to the 1 and makes the curve fall before vo is reached. 
For values of the velocity + v- + greater than vo the exponen- 
tial increases more slowly the greater k7\ and hence the fall is more 
pronouncedly asymptotic and for a metal with 1 electron per atom 
at 1500° absolute the end of the distribution law curve takes on the 
appearance shown by the curved dotted line of Fig. 135. At a 

with an energy greater than ju for large kT the 
exponential term is greater than the 1 and the distribution law 
approaches a law of the form 


Vy W) 


dll dv div = 

Ir 


c dll dv dWy 


which is closely similar to the form of the Maxwellian law as given in 
Fig. 134. In other words, the new' kiw at high temperatures even for 
metals takes on the Maxwellian form. 

We can thus summeirize the situation by saying that at ordinary 
temperatures in a metal the high electron density leads to a distribu- 
tion in which most of the electrons are free but degenerate, having a 
high energy whose limiting viilue is ju. As temperatures increase, 
more and more electrons become free to engage in energy exchanges, 
and the distribution function becomes modified in form, the higher 
velocity limit conforming more and more to the Maxwellian dis- 
tribution. 


140. THE INFLUENCE OF THE SOMMERFELD-PAULI THEORY ON PHOTO- 
ELECTRIC EMISSION 

It is now of interest to inquire into the magnitudes of these quan- 
tities and to see how this new limiting energy will alter the photoelec- 
tric effect. For a metal like Ag with 1 electron per atom n takes the 
value of 6 X 10^^ electrons per cm^. With this value of n one can 
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calculate a value of n which gives vo as about 5.5 equivalent electron 
volts of energy. Hence while at room temperature the average 
thermal energy of electrons is about .0356 electron volt there are 
present in the metal an appreciable number of electrons with an 
energy of 5.5 electron volts. Now while these electrons cannot par- 
take of thermal equilibrium relations, they are free^ and can respond 
to the vibrations of ultraviolet light. Hence if ultraviolet light of 
frequency vo strike a metal with an absolute work function C, but 
with degenerate electrons of maximum energy not .0356 volt but 
equal to /x volts, the electrons will be emitted with zero energy if 
hvo = X = C — ^JL. Hence x gives us the actual observed value of the 
work to pull an average electron out of the metal. If the problem of 
the current as a function of the frequency v be handled from the 
standpoint of the above suppositions using the wave mechanics, 
Wentzcl shows that for hv greater than C (i.e., all electrons can be 
removed by the light) the current i is i)roportional to v~^''\ For values 
of hv between C and x the current i is proportional to 



while at a value of hv below x (i-c., below vo) there is no current. In 
the region between C and x low temperatures it is the degenerate 
electrons that give rise to i. Hence since most measurements are 
made in this region it is not surprising that the photoelectric current is 
practically independent of temperature, for most electrons are degen- 
erate up to temperatures of 1000° C. or more. At temperatures where 
the electrons cease being degnerate there should be a definite effect 
of temperature. The effect is masked, however, by the thermionic 
effect in this region. 

From the .second equation of Wentzel, which in general covers 
the usual conditions, it is seen that the current reaches a maximum 
value and then decreases. It now happens that this maximum lies 
in the far ultraviolet for all except one group of metals, that is, for 
the alkali group. It is possible to calculate ju for data taken from the 
optical constants, x is observed experimentally so that both C and ju 
are available. From these data one can calculate the equivalent wave 
lengths \ in Angstrom units for the constants C/h, /x/A and vq for two 
metals. They are 


Mc/h) Mfi/h) Xo 

Na 2490 3930 6800 

Cu ...1110 1760 2660 
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From this table it seen that for Na the limiting wave length Xo is in 
the red of the visible spectrum, and the frequency corresponding to 
the energy C, X (c//,), lies well in the ultraviolet, but in a region easily 
achieved. For copper the threshold wave length Xo is already in the 
ultraviolet, not far removed from the strong ultraviolet mercury line 
25S7, while C lies in the experimentally difficultly accessible extreme 
ultraviolet. 

It is not strange then that the early work with the alkali metals 
showed a distinct maximum for the photoelectric emission. Pohl 
and IVingsheim further showed that this selective photoelectric effect, 
as it was called, depended on the direction of vibration of the light. 
The effect is a maximum wffien the electrical vector of polarized light 
is parallel to the plane of incidence (i.c., when the light vibrations 
have marked components perpendicular to the surface). The metals 
show peaks of activity at approximate!}^ the following wave lengths, 
Rb at 5000 Angstrom units, K at 4500, Na at 5400, and Li at 2800. 
The theory of Wentzel f)redicts just such an action wdth a dependence 
on the electrical vector as indicated, though at present in approximate 
form only. An idea of the magnitudes of the quantities Xo, ju expres.sed 
in equivalent \'olts of energy and as an eciuivalent wave length by the 
relation 5 X 10^^^ h/n, x equivalent volts observed from the photo 
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effect and the thermionic effect, and finally C = /x + x» is given in 
the accompanying table. It is to be noted among other things that 
the quantity x comes both out of photoelectric and thermionic effects, 
a result to be expected from this theory. 


141. FURTHER FACTS CONCERNING PHOTOELECTRIC EMISSION 

The distribution of the velocities of photoelectrons liberated by different 
wave lengths from different metals is of the same general form for all 
metals and frequencies, and differs only in the magnitude of the cur- 
rents found, according to Ramsauer. The form of the curve is a sort 
of bell-shaped curve when energy of the emitted electrons is plotted 
against the number of electrons emitted. The peak, or most probable 
energy in these curves, is between J and 2 the maximum emergent 
energy. Such a curve of velocities of emitted electrons might indicate 
the form of the energy distribution of the degenerate electrons in the 
metal, but is however involved with the (juestion as to the initial 
direction of emergence, and the nature of the surface layers. The 
results of Ramsauer do not appear to be of very general application 
for substances other than certain pure metals, and surface films play 
a very disturbing role. 

The photoelectric effect occurs not only for metals but for a large 
number of non-metallic substances. In these cases the light does not 
only have to liberate the electrons from the solid or liquid surface, 
but is also required to first set free electrons in the substances, for 
non-metallic substances are characterized by the absence of free elec- 
trons in any quantities. In general very short wave lengths are 
required in such cases, and we see the long wave length thresholds 
required for substances like NaCl, KCl, CuCl, etc., lying in the region 
of 1800-2200 Angstrom units. The action of light on Agl, on S, and 
on anthracene indicates internal liberation of electrons in the visible 
region with external emission only in the ultraviolet. In all cases the 
currents are small, as relatively little light is absorbed near the sur- 
face (in comparivson to metals), so that many electrons cannot get out. 
The vapors of the metals are also photoelectric, and it has been shown 
by Williamson, Mohler, Lawrence, and others that ultraviolet light 
liberates electrons in vapors of the alkali metals and Hg. In gases 
like N 2 , O 2 and H 2 the effect should also be observed, but the long 
wave length limit lies so far in the ultraviolet as to preclude detection. 
The effects are also small owing to the great transparency of gases 
and vapors to light. 

Finally it might be stated that in recent years the action of a high 
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external electrical field on the photoelectric effect has yielded the fact 
that the threshold frequency is shifted to longer wave lengths if a 
powerful field is allowed to act to pull the electrons out, as shown by 
Lawrence and Linford. This is in agreement with the theory of 
Schottky as to the nature of the electrical fields at the surface of metals, 
and with Wentzel’s theory of the metallic surface forces. 

The photoelectric effect is used wherever it is desired to convert 
changes of light intensities to electrical or mechanical effects. It can 
with certain restrictions be used for measuring light intensities y pro- 
vided the selective actions of some wave lengths are corrected for. It 
can be used for producing electrical effects proportional to varying 
light intensities. It is widely used for recording speech in talking 
moving pictures. Here the varying light intensities produced by the 
reception of sound waves on an electrical receiving system sensitive 
to sound vibrations are photographed on the same films recording a 
moving picture. This insures synchronism between speech and 
action. After developing the film the varying intensities of the light 
record on the film are projected onto a photoelectric cell by means of a 
beam of light passed through the film. The electrical response of the 
cell is reproduced as sound in a loud-speaker through electrical ampli- 
fying devices. Photocells are also used in the transmission of pictures 
of objects by radio in television. The light intensities at various points 
on the object being viewed are in rapid succession thrown onto a 
photocell which in turn modifies the intensities of signals emitted by 
a radio sending device. At the receiving end the signals are amplified 
up, synchronized with the sending device, and used to produce light 
intensity variations by changes of current in an appropriate type of 
neon lamp. These varying light intensities are thrown as spots of 
light in rapid succession having appropriate intensities onto a screen 
where the persistence of vision integrates the flashes into a picture. 
The photoelectric effect is used widely in the control of any phe- 
nomena, electrical or mechanical, by light signals. 

The advantages for use of the photoelectric effect in light intensity 
measurements are: 

(1) The close proportionality between light intensity and current. 

(2) The very rapid time response of signals with no apparent 
inertial effects. 

(3) The extreme sensitivity of the effect. (The effect with ampli- 
fication is possibly more sensitive than the eye for light detection. 
The eye can detect light intensities of the order of one quantum of 
blue green light per mm^ per second, an effect easily detectable with 
the photocell.) 
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The disadvantages of the photoelectric effect in light intensity 
measurements are: 

(1) The photocells are all selective in their action. Certain wave 
lengths are far more effective than others. Hence great care in the 
adaptation of such cells and the interpretation of results obtained 
therewith is required. 

(2) The unsatisfactory degree of constancy of emission. The 
photoelectric emission varies with time and requires constant verifi- 
cation. 

(3) The unsuitability of the phenomenon for measurements of 
wave lengths greater than 6000 Angstrom units. 

The commercial photoelectric cells have either a central anode or 
a central cathode. Cells with a central anode are most frequently 
used. The cell consists of a glass or quartz (for ultraviolet light) bulb 
coated on the inside with a sensitive conducting layer of a photo- 
electric metal. This is usually one of the alkali metals, very often in 
the form of a hydride (i.e., combined with hydrogen). This coating 
is removed from a given area of the cell to make a window for the 
admisvsion of the light. The central anode usually in ring form is 
insulated from the layer of metal, and both anode and metal coating 
or cathode are connected to outside contact points by sealed-in leads. 
The cells are usually highly evacuated, except for certain cells which 
have a residual gas for amplifying the currents by ionization by col- 
lision. The usual cells employ enough potential between cathode and 
anode to give a saturation current, i.e., about 100 or so volts. The 
gas-filled cells use a much higher potential (just below sparking) to 
cause the electrons emitted by the metal to multiply the current by 
ionization by collision. The alkali hydride cells are most .sensitive 
in the visible but are not very constant. The hydride is formed by 
a glow discharge between cathode and anode in the presence of H 2 
at a pressure of a mm or .so of mercury. The gas is later pumped out. 
Constant cells of very high efficiency are given by Zn-Cd cells if ultra- 
violet light can be used. Straight alkali metal cells are also used for 
the visible end of the spectrum and, if well made, are fairly constant. 

To measure light intensities the cell can be used as indicated in 
Fig. 136. S is the cell, C the cathode, A the anode. B is a battery 
of from 90 to 200 volts, and G is the galvanometer while i? is a resist- 
ance of some 5000 ohms. 

In Fig. 137 an amplifying circuit and photocell are shown for 
working a relay R in response to light signals. is a battery of 
90-135 volts, M\ is a grid bias variable resistance of 10'^ ohms, with a 
battery b for giving a bias to the grid of the 3 electrode tube. The 
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cell is Sy the cathode C being connected to the grid G of a 3 electrode 
amplifier tube. Ah is a resistance of 1-10 megohms between the bias 
and the cathcxle C, The anode A is connected through a milliam- 
meter Ai through the relay coil R and to the plate P of the 3 electrode 
tube, the positive pole of the main battery B also going to ^4. Bi is 
the filament lighting battery of the filament F of the 3 electrode tube 
which is attached to the negative pole of the battery By and the posi- 
tive pole of the bias h through the variable resistance Ah. On illu- 
mination the positive charge on C due to loss of electrons overcomes 
the negative bias on b which is set to interrupt the electron current 



Im(.. 136.— Simple Circuit for the Fig. 137. — Amplifying Circuit Used to Work 
lJ.se of a Photoelectric Cell. a Relay by Means of a Photo Cell. 


from the filament F to the plate G. The instant the l)ias is neutralized 
the current flows in the 3 electrode tube and operates the relay. 

PART II. THE THERMIONIC EFFECT 

142 . THE DISCOVERY OF THE THERMIONIC EFFECT 

VVe can now turn to the second of the two phenomena to be dis- 
cussed, namely, the thermionic effect. The early experiments on 
static electricity of Du Fay, 1737, Watson, Priestley, and others indi- 
cated that the air in the neighborhood of hot bodies has the power of 
conducting electricity. These early observations were not pushed 
any further and it was not until Becquerel in 1853 observed that air 
near objects at white heat was unable to insulate, even for a few volts 
potential difference, that any real advance in the study of this field 
was made. This fact was extended by Blondlot to include as low a 
potential difference as 0.001 of a volt. The latter also found that the 
current was not proportional to the potential difference for small 
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potentials, a very important fact as we shall later learn. It was Elster 
and Geitel who made the first systematic investigation of the phe- 
nomenon in 1880. It will be recalled that these same men were also 
pioneers in a study of the photoelectric effect. They heated wires by 
an electrical current and measured the current conducted to a neigh- 
boring electrode as a function of the potential between hot wire and 
electrode. It was obvserved that a current was established in the 
absence of any potential difference. This current built the potential 
between the electrode up to a certain value and then ceased, except 
in sufficient measure to maintain the potential built up. The effects 
obtained varied widely. With Pt in air the potential was positive at 
low temperatures (dull red heat), increased to a maximum at red heat, 
and fell to near zero at white heat. In vacuum the potential at higher 
temperatures not only went to 0 but became progressively more and 
more negative. Thus the wires appeared to give off positive electricity 
at low temperatures and negative electricity at high temperatures. 
The effects varied with the metals used. Cu gave mostly positive 
charges, carbon exclusively negative charges. Branly, approaching 
the problem with a different technique, confirmed the results of Elster 
and Geitel. Edison in his early work on the carbon filament lamp 
found that the filament became povsitive while an independent elec- 
trode in the lamp bulb became negative when the filament was suffi- 
ciently hot. This was analgous to the results of Elster and Geitel 
and was proven so by Preece and by Fleming in 1885 to 1896. J. J. 
Thomson’s work leading to the discovery of the electron and the inves- 
tigations on positive and negative gaseous ions led to the opinion that 
the very hot filaments gave rise to negative ions, especially in the 
presence of gases. It was then believed that the hot metal acting on 
the gas ionized the gas, and McGlelland, a pupil of Thomson’s, in 
1899 showed that in fact the air drawn from the neighborhood of the 
hot filament did contain negative ions. This was proven by a measure- 
ment of the velocity of the ions, these ions being somewhat slower 
than the normal ions in air. This was due to a faulty technique, for 
now the ions formed in dry air by a hot filament are known to have the 
same velocity as normal negative ions. McClelland found that the 
current from a hot wire increased with the potential applied, finally 
reaching a constant saturation value. J. J. Thomson, as might be 

e 

expected, measured the ratio — , of charge to mass for the ions from a 

m 

hot carbon filament in 1899 and showed the negative carriers to he 
electrons, or the same as the constituents of cathode rays. Hence the 
negative currents from hot carbon, and from the hotter metals like 
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Pt, were electrons liberated in vacuum and thus not a product of gas- 
eous disintegration produced by the hot wire as previously assumed. 
The ions observed by McClelland were simply electrons that had 
attached to air molecules or vaporized platinum particles. The elec- 
trons are emitted directly from the incandescent bodies at high tempera- 
tures in vacuo. By 1906 J. J. Thomson had shown by magnetic meas- 

urements, similar to those used in — determinations, that the positive 

m 

electricity emitted by Pt at lower temperatures was on particles of a 
molecular mass (cither ions of Pt or lighter ions attributed to the gas 
present), and that some heavier ions were also present as observed 
by McC^lclland. These are now attributed to large positively charged 
solid particles of platinum torn off, or liberated, from the hot wire 
as atoms that condense to solid particles. 


143. THE LAWS OF THERMIONIC EMISSION 


By 1901 the pioneer work on thermionic emission which has made 
possible most of the modern advances in the field of ihermionics, and 
which netted its author the Nobel prize, was begun by O. W. Rich- 
ardson. This work was an exj^erimental iin estij’alion of the variation 

of the electron emission 



Fig. 138. — Arrangement for a Study of d'hermi- 
onic Emission. 


from hot bodies as a func- 
tion of temperature. The 
problem was a difficult one 
from a technical point of 
view, particularly at its in- 
ception. The body to be 
studied is if possible used 
in the form of a small wire 
W supported in the axis of 
a cylindrical tube by heavy 
leads L as shown in Fig. 


1 v38. The wire is surrounded 


by a cylinder C of length greater than the wire and coaxial with the 
glass tube. The cylinder and heavy leads are passed out through the 
glass tube by glass to metal seals, and a side tube A is provided for 
exhausting the air. Owing to intense heating by the filament, all 
occluded gases must be baked out and removed by heating the glass to 
near its .softening point, heating the metal parts to incandescence by 
an induction furnace, and bombarding the metal parts by a heavy 
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discharge of electrons. These operations are carried out while the 
tube is connected to a powerful high vacuum pump. Such a tube is 
then constant in further investigations and should yield reliable 
results. Modern tubes are sealed off from the pump on exhausting 
and are often kept gas free by distilling a small amount of reactive 
metal like an alkali or Mg into the tube to act as a “ getter ” for gases 
given off. The temperature of the incandescent filament is controlled 
and kept constant by measuring the filament resistance, changing the 
heating current as the temperature clianges. The filament is made one 
arm of a Wheatstone bridge (A') of Fig. 138, the other resistance in 
that arm being R and having such a nature that it can carry the 
heating current without marked change in temperature. The other 
arm of the bridge has the ordinary ratio resistances P and Q set to 
give a balance with the hot wire at the proper temperature. The 
potential Ei operating the bridge is the same one that gives the 
heating current. Any change in temperature of the filament changes 
the resistance and throws the bridge out of balance. The filament 
temperature can be determined by an optic^il ])yrometcr, or by a thermo- 
couple. Calibrating the 
bridge to read tcmiierature 
may also be accomplished 
by observing the melt- 
ing points of specks of 
fusible substances placed 
on the filament, the bridge 
current being noted as 
each speck melts, so that 
the current can be plotted 
to indicate temperature. 

In this fashion by connect- 
ing the tube as indicated 
in Fig. 138, a .study of 
emission as a function of 
temperature can be made. 

The battery B furnishes the potential driving the current through a 
galvanometer or electrometer G. The potential of B must be such as 
to give the saturation current from the filament, as it had been early 
observed by Blondlot that the current varied with potential for low 
values of the potential across the tube. It will be found that the 
potential to give this saturation increases with the temperature of the 
filament and hence as the current increases. A characteristic set of 
curves found by Richardson for Na from 217° to 427° C are shown in 



Fig. 1v39. — Richardson's C'urvcs for the Thermionic 
Emission as a h'unclion of Filament Temperature. 
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Fig. 139.* It is seen that the saturation electron current from a hot 
filament rises exponentially with the temperature of the filament, 
following a law deduced by H. A. Wilson and Richardson theoretically 
as early as 1901, and later further developed by Richardson. The 
equation was developed on the basis of the electron theory of metallic 
conduction which evolved in the work of Drude, Riecke and Loren tz, 
following J. J. Thomson’s discovery of the electron. As was stated in 
the early part of this chapter, the electrons were believed to be free 
in metals in considerable numbers and to be in thermal equilibrium 
with the atoms of the substance at a temperature corresponding to 
that of the body. If one assume that the energy of the electrons is 
distributed according to Maxwell’s law, then as the temperature rises 
the velocities and energies of the electrons increase as described before. 
It will be noticed on observing the curve of Fig. 134, showing Maxwell’s 
distribution for electrons emerging from a surface, that there are 
always present in the distribution some electrons of very high kinetic 
energy. If now the energy of motion of those electrons which are 
moving towards the surface of the metal, and near it, exceed the poten- 
tial energy of the force field holding the electrons inside the metal, the 
electrons will, just as do atoms inside a liquid or a solid, escape through 
the surface (i.e., evaporate). Hence on heating a metal with free 
electrons to a high enough temperature so that the energy of a por- 
tion of the faster electrons (i.e., those in the tail AE of the distribution 
curve, Fig. 134) exceeds the so-called retarding potential at the sur- 
face, these electrons will escape, i.e., the hot metal will emit electrons. 
In close analogy with the kinetics and thermodynamics of vapor 
molecules escaping from a liquid surface (i.e., evaporating) Richard- 
son and Wilson developed the equations for emission. There are two 
equations resulting from somewhat different assumptions as to condi- 
tions in the metal. One may designate by x the energy required to 
remove an electron from the metal, i.e., the so-called work function 
mentioned before. For the case that the number of free electrons w 
per cm^ is independent of the absolute temperature 2\ and that x is 
independent of T, the equation becomes 

i = 

Here e is the charge on the electron, m is its mass, and k is the Boltz- 

Ra 

mann constant — . 

Na 

* The author wishes to acknowledge the courtesy of the editors of the Proceedings 
of the Royal Society of London, of Messrs. Longmans, Green and Co., and of Pro- 
fessor O. VV. Richardson for i:>ermission to reproduce these curves. 
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If X is independent of T, while n is proportional to T'- the eciuation 
takes the form 


In more recent years Dushman has deduced the theory more 
rigorously and obtained the equation 


. ^ iTk-me 


Here € is the charge on the electron while e is the base of the natural 
system of logarithms. 

The new statistics of I^ermi and Dirac as recently applied to the 
problem of electron emission by Sc^mmerfeld and Fowler giv^es the 
current i as 


~ 1 ?~ 


irnc 


k T 


where D is the reflecting factor of the surface for electrons and 
C — fjL = X- This differs from Dushman’s theoretical e(|uation only 
by the factor 2 brought in by the electron spin (2 electrons for each 
energy state), and by the uncertain value of the coefficient D for 
internal reflection of electrons by the surface which, however, may 
cancel the 2 by taking on the value one-half. The quantity D enters 
the problem here as a result of the application of the newer wave 
mechanics and cannot be further considered. This eciuation, as the 
notation indicates, takes account of the high energy n of the degen- 
erate electrons. 

It is seen then that in general e.xcept for the first eciuation the law 
of thermionic emission may be written 

i = = AT-r^^'^. 


It may be recalled that x wc?/ the real ivork Junction but the apparent 
one, C being the real work function, and x being of importance because 
the upper energy ix of the degenerate electrons reduces the work to 
get out of the metal: x is given by x = ^uid indicates the 

energy of thermal agitation beyond m which is required by electrons 
in order to escape. In most work the constant x/k is written as 
b or 62. On the basis of Dushman’s derivation the constant A has 
been evaluated as 60.2 amperes/cm^ degree^, a value agreeing within 
the limits of certainty with the constant of the Sommerfeld theory. 
As seen before x = C’ — /x, and hence b is a characteristic of the metal 
used and depends on the work to pull electrons out of the metal. C is 
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the absolute work function and /x is the limiting energy of the fastest 
electrons in the Fermi distribution. 

The equation has been tested numerous times, one of the latest 
and best tests having been in the work of Davisson and Germer, and 
later Germer. For a test of the equation over large ranges of i owing 

to the exponential term it is simpler to plot log i against ~. If the 

equation is correct the resulting curve should be a straight line whose 
slope at once gives log Such a curve, taken from Germer’s 

paper in the Physical Review, Vol. 25, 805, 1925, is shown in Fig. 140. 
The way in which the observed points lie on a straight line indicates 
that the exponential law is accurately fulfilled even for a range of 
values of i from 1 to about 10^^. 

The value of A obtained from the data for the element W is in 
good agreement with Diishman’s value of A, It was early pointed 

out by Richardson, however, that 
in attempting to distinguish between 
the and the in the first two 
equations deduced, the rapid varia- 
tion of i with masked the effect 
of outside the exponential to such 
an extent that no decision between the 
two equations could be arrived at. The 
same condition holds for the value of A . 
This lies in the fact that between 
1000"^ absolute and 2500° absolute i 
Vr xio< for W varies by a ratio of while 

Fk;. 140— Cicrmcr’s Test of Rich- varies by 1.58 and by only 
arclson’s Equation for Thermionic 5 25. What really emerges from 
Emission. theory and experiment is clearly 

that an equation of the form i = AT^ fits the facts to a high 
degree of precision, with a good degree of probability that x = 2, and 
that the value of A obvserved by Davisson and Germer and computed 
by Dushman is of the right order of magnitude. The values of 
b observed are fairly accurate and consistent for similar surfaces 
and further agree within experimental limits with the values of 
C -IX 

x/k = — ; — determined by the photoelectric effect. 
k 

Hence we may be assured that the Dushman theory and the 
newer Sommerfeld theory are correct in general outline, though the 
more minute details are uncertain. 
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The relations established, however, have important implications, 
for they show that certain theoretical assumptions are confirmed. 
It was early shown by Richardson theoretically that if a Maxwellian 
distribution of velocities exists for electrons inside the metal they 
emerge through the surface with the Maxwellian distribution main- 
tained, even though in escaping from the surface they have done work 
in escaping. This same condition holds for an evaporating liquid 
both the molecules of the liciuid and the escaping vapor having the 
Maxwellian distribution of velocities, the average energy of the vapor 
in equilibrium being that of the liquid. Now the test of this expected 
behavior on the part of the electrons from a hot metal lies in the proof 
of the exponential law as predicted by the equations above. This is 
seen to have been verified to a high degree of precision, for the plot 

of log i against ~ is accurately a straight line over a tremendous range. 

However, in the light of the newer vSommerfcld theory the electron 
energy distribution in the metal is not Maxwellian, but is given by the 
Fermi-Dirac statistics. It happens, however, that for high values of 
T the number of degenerate electrons decreases and the square curve 
of Fig. 135 goes o\x'r for higher temperatures to a distribution whose 
highest energy electrons more and more resemble in their velocity dis- 
tribution the Maxwellian distribution as in the dotted portion of Fig. 
135. In the limit of very high temperatures the Sommerfeld equation 
yields the usual Maxwellian form. What then occurs is that the faster 
electrons (those corresponding to the asymptotic dotted portion of Fig. 
135) are the ones to escape most often, and since the average energy is 
/X and the total work of escape is C, the electrons escaping have an 
energy in excess of C — /x = x in the measure of the asymptotic por- 
tion of the curve of Fig. 135, which is closely Maxwellian. It is then 
in conformity with the new Sommerfeld theory that the thermionic 
emission yields a Maxwellian distribution for the relatively few elec- 
trons emitted, while inside the metal the large proportion of the 
electrons have the Fermi-Dirac distribution. 

The values of the constants of the equation for thermionic emission 
of a few metals are given below. 

i = 

A — 1.80 X 10^^ E.wS.U./cm^ deg^ = 60.2 amp/cm^ deg^ 
k = 1.371 X 10~^^’ ergs/deg 

Xo in volts (x at 0° absolute) = 300 — ^ = 8.61 X 10“"*'’Z?o volts 
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RECENT THERMIONIC CONSTANTS FOR DIFFERENT METALS 


Elmnent 

A 

h. 

xo in volts 

Platinum. 

1 7 X 10^ 

72,500 

6.27 

Molybfleniim 

60 2 

50,900 

4 28 

Tantalum . 

60 2 

47,200 

4 07 

Tungsten. 

60 2 

52,400 

4.52 

Thorium 

60 2 

28,000 

2 25 

Calcium... . . 

0 12 

25,000 

2 02 

Nickel 

26 « 

22,100 

2.71 

Carbon .... 

5 02 

45,700 

2.02 

^ _ 






It is tlius seen that ])y varying the temperature the wsaturation 
current can be varied at will and we can predict the approximate 
emission to be obtained from any filament at a given temperature if 
h is known. 

144. THE CURRENT-POTENTIAL CHARACTERISTIC OF THERMIONIC 

EMISSION 

It is next esjsential that we obtain a knowledge of how the current 
varies with the field ap[)lied, for in applic'alions of tlie thermionic 



I'k;. 141. — MeabiircMiUMit of the 
( un ent-Potential C'harac teristic 
of Thermionic ICmibsion. 



isti('s of Thermionic Emission at Three 
Temix*ratiires Increasing from A to C. 


emission the field applied plays a most important role. An experi- 
mental arrangement such as shown in Fig. 141 in which the current 
from the filament F, or an eciuipotential hot cathode to a plate P, is 
measured by a milliammeter A or galvanometer as a function of the 
voltage serves for such a study. The curves obtained for different 
temperatures 7'i, T 2 and Tw of the cathode source are shown in Fig. 
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142. It is seen that the curve starts at 0, rises along what might 
appear to be a parabolic curve, varying as some power of the potential 
greater than unity, and then reaches a saturation value, or at least 
flattens out and approaches a saturation value gradually. This form 
of the curve was early recognized to be due to the fact that for heavy 
electron emissions with a weak field between anode and cathode the 
electrons emitted formed a cloud in front of the cathode which gave 
what is known as a negative space charge (i.e., a negative charge in 
space due to a volume distribution of negative electrons). Thus 
while the field draws electrons away from the cathode the accumu- 
lated negative charge of the electrons in the space between anode and 
cathcxle exerts a force driving the electrons back to the cathode and 
limits the current. When the applied field becomes so high that the 
electrons are drawn across to the anode with such speed that there is 
little electron accumulation between the plates (small space charge), 
then the maximum current possible at the temperature is acquired 
and we have the saturation current. In 1906, J.J. Thomson computed 
the limitation of space charge on the current in vacuum assuming 
the electrons all to emerge with the same velocity. In 1911, C\ I), 
("hild gave the solution assuming the initial velocity of emission to 
be zero (an assumption which is not seriously in error, for the elec- 
trons emerge with velocities equivalent to a fraction of a volt only). 
More rigorous equations on the basis of the real distribution of veloci- 
ties are due to I.angmuir and vSchottky in 1913 and 1915. The deriva- 
tion of Child does not give the gradual transition of the curve as 
saturation is approached, but this region is not of fundamental impor- 
tance and for the present purposes CdiikEs derivation and equation 
will suffice. 

Let us assume two plates, the cathode being at 0 potential, the 
anode at +7t volts, and the distance between anode and cathode 
being d. The plane of the cathode passes through the origin and the 
distance d is measured parallel to the x axis. Now one of the impor- 
tant contributions of the mathematical physicist Poisson lay in set- 
ting up an equation relating potential and the volume density of the 
electrical charges at a given point. The equation is an expression of 
the continuity of flux of lines of electrical force, and the contribution 
made by the accumulation of charges per unit volume at the point in 
question. As will be remembered, the number of lines of force per 
square cm normal to the flux expresses the electrical field strength F, 
The rate of change of this field produced by a flux of lines of force due 
to p charges per cm^ in an infinitesimal element of volume at x cm 
from the cathode, due to the accumulation of electrons between the 
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cathode and anode, is 47rp, as there are 4ir lines of force per unit charge 

(IF 

(see page 184) and there are p charges per cm*^ at x. Hence — = 47rp 


dx 


(see page 189). 


But in Chapter XV it was shown that Fdx = dV, 

dF d-V 

where d V is the change in potential over a distance dx^ hence — == 

dx dx- 

We can then write Poisson’s equation for our electron accumulation 

d^V 

at a point between the plates as = 47rp. Here it is seen that p 

dx^ 

must vary with x, for near the cathode the electrons will he densest, 
and at the anode there will be no electrons. At saturation of course 

the density will be more nearly uniform 
(electrons being rapidly drawn away from 
the cathode), but for lower potentials the 
electron density near the cathode will be 
great, falling off towards the anode. The 
field strength at any point x will not be 
R 

-- but will vary in a more complicated 
d 

manner as shown in Fig. 143, where curve 
E 

A is the gradient while curve B shows 
d 

the distortion produced by the space charge. 
The curve B exists for 0 velocity of electron 
emission. If there is a finite velocity of 
Fig. 143.-I>ot<..uial Distri- emi.s.sion the curve at first falls below the 0 
hution between Cathode and ^ixis and then rises above, as shown by the 
Anode with Thermionic Emis- curvc C of Fig. 134. At any point X the 
Sion from tlie Cathode; A. electron has fallen through a potential F, 
Normal I’oteniial Drop, with potential difference between 0 

NegleSrg Initial EleetZ ‘he potential V at j;. The electron 

Velocities; C. Actual Drop. therefore obtained a kinetic energy 

= Ve. Finally the current density i 
(current per cm- normal to the line of flow) is given by i = pv. 
Here v is the electron velocity, m is the mass of the electron and e is 
its charge. 

Substituting 



Cathode 


and 


12 Ve 
V = yJ , 

^ m 


whence p = 


^ m 
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for p in Poisson’s equation we have 



which on integration gives 





where Vo is the potential at the cathode (assumed 0 in this case) and 
is the potential gradient or field at the cathode. The latter 

0 

is also 0 at the cathode for the case where tlic electrons have no initial 
velocity. This is seen in the curve B of Fig. 143 where the curve is 
asymptotic to the x axis (i.e., V has 0 rate of change with the distance 
X at this point). Accordingly we can write 




SttJ \j . 

^ e 


Integrating this with F = 0 at .r = 0 and V = E at x = d (i.e., at 
the anode) we get 

I lie 

^ - 971 ^ ^ m (E ‘ 


Since tt, e and 7n are constants we can write that the sj)ace charge lim 
itcd current (i.e., below saturation) is given by 

i = 2.33 X 10"^ — - amperes per cm^, 


or if the area of the cathode is A we can write 

lA = 2.33 X 10“^' — — amperes. 


It is seen then that the current increases as the f power of the poten- 
tial driving the current, and inversely as the square of the distance 
between anode and cathode. The curve follows this law until the 
saturation current {A\ B' and C' of Fig. 142) is reached, after which 
it is constant and is given by the Richardson equation depending on 
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the cathoHe temperature. The presence of the velocity distribution 
rounds off the otherwise sharp break of the curve at the saturation 
voltage so that saturation is much more gradually approached and 
the curves B, C of P'ig. 142 take the rounded form of the experi- 
mental curves. The initial velocities also ser\'c to prolong the rise of 
the asymptotic foot of the curves near the axis, giving a slower initial 
rise. There is still a minor correction to be used where the filament 
has a drop in potential due to the iR drop of the heating current. 
The rounded curves illustrated in Fig. 142, which contain all these 
factors as they represent experimental curves, are called the char- 
acteristic curves of the two electrode tube, the name given the thermionic 
vacuum tube with aiuKle and hot cathode. 

145. THE THERMIONIC RECTIFIER 

It is at once seen that an ev'acuated tube with a hot cathode hav- 
ing a iK)tential difference placed between cathode and anode will 
react in such a way as to have its current varied as the potential dif- 
ference varies. If we impress an alternating current across such a 
lube with an electron emission from the cathode it will be seen that 
as long as (he cathode is positive and even a little beyond this value 
no current will flow from anode to cathode, as the electrons are held 
at the cathode by a combination of space charge forces and retarding 
field. As soon as the cathode becomes distinctly negative the current 
of electrons flows to the anode. If the alternating E.M.F. rises well 
above the saturation value for the current a current results that rises 
rapidly from 0 from the beginning of the negative phase on the cathode, 
reaches saturation, and continues until the impressed K.M.F. drops 
down to zero, decreasing along the characteristic curve as the E.M.F. 
falls below .saturation value. Hence we see that such a tube can rectify 
(i.e., give a direct current) for one-half the wave of an alternating 
IC.M.F. This property of the 2 electrode vacuum tube is used very 
widely today in obtaining direct currents of high potential, from alter- 
nating potentials. The 2 electrode tube is called the thermionic 
valve or rectifier, and a most common form sold in this country is 
called a kenotron. To rectify both halves of the wave we can use 
two valves acting in inverse senses. If power is being drawn from 
the tube it is seen that for each valve the current is flowing half 
the time when there is no supply through the rectifier. Hence the 
potential falls during the time of the positive phase of the cathode. 
It is thus customary to attempt to reduce the irregularities in poten- 
tial to a minimum and to smooth out the effect of the half cycle surges 
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by accumulating the charge on capacities of large value. The higher 
the frequency of the alternating potential the less serious will be the 
irregularities or ripples of the rectified potential, and hence it is 



deemed best to use at least a frequency of 500 cycles in the alternating 
potential to be rectified where smoothness of the rectified potential is 
required. Greater regularity in high potential direct current gen- 
eration for x-ra>' work using valves is obtained by inserting induct- 



ances of high value in the supply lines to “ choke ” out the ripples 
due to time variations in current. These are called choke coils. A 
single valve rectifier as used in rectification is shown with connections 
in Fig. 144a, while Fig. 1446 shows a double valve rectifying both 
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halves of the alternating potential, and Fig. 144^: shows a 4 valve 
arrangement giving even more complete rectification. The figures 

are self-explanatory, F be- 
ing the filaments, P the 
plates, K the rectifiers, 5 
the secondaries of the 
transformers, T supplying 
the power to be rectified, 
B the batteries heating the 
filaments and V the volt- 
meters measuring the recti- 
fied potential while L are 
choke coils, C are capaci- 
ties, and R are resistance 
loads. In Fig. 145a the 
impressed and rectified po- 
tentials of the scheme of 
Fig. 144a are shown, the 
dotted lines being the im- 
pressed and the full lines 
the resultant rectified po- 
tential on K and C with a small load on C through the high 
resistance R, In Fig, 1456 the 
currents flowing into C are 
shown compared to the im- 
pressed potential shown in the 
dotted curves. Figs. 146a and 
1466 show similar curves for the 
potentials on K and C and for 
currents in the scheme of Fig. 

1446. 

These rectifiers are made for 
all sorts of uses from that of 
giving plate voltage in radio 
sets (B battery eliminators) to 
the rectifiers for thousands of 
volts and many amperes (power 
rectifiers) used in powerful radio 
transmitting stations, or for high 
potentials (10^ volts) and currents of the order of milliamperes in 
x-ray work. 
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146. THE THREE ELECTRODE TUBE 

In about 1908 a new feature was added to the thermionic rectifier 
valve which made it the basis of all modern developments in reidio 
communications. It was devised as a radio detector replacing the 
troublesome crystal, electrolytic rectifier and the coherer by Lee 
DeForest. While DeForest’s original device was imperfect (it con- 
tained gas) and while the inventor little understood the theory of the 
device it is much to his credit that he made the great step forward 
which once and for many years to come solved the radio communica- 
tion problem. The detector was later developed as an oscillator for 
generating undamped electrical oscillations. DeForest called the tube 
the aiidion detector. The device used by DeForest had already in 1902 
been used by Lenard to control photoelectric currents, and was devised 
in a dififerent form by O. von Baeyer in 1908 for the control of ther- 
mionic currents. DeForest it appears, however, was the first one to 
exploit the device in radio detection and obtained the patent on it. 

What DeForest did was to introduce a third electrode in the form 
of an open grid of coarse mesh between the filament and plate of an 
ordinary thermionic rectifier. Hence such tubes are often called 3 
electrode tubes. The principle of the operation of the 3 electrode 
tube is about as follows. It was seen that in the rectifier the current 
through the tube was determined by the effect of the accumulated 
space charge due to the electrons between the anode and cathode. 
This was controlled to some extent by the potential between filament 
and plate, or anode. By placing a grid whose potential can be con- 
trolled from the outside into the space between anode and hot cathode 
we h'dve the power of influencing the current through the tube by an 
outside agent. Were the third electrode a .solid plate we would get 
nearly complete electrostatic .screening of the anode from the cathode, 
and were the cathode and grid connected then the whole drop of 
potential would take place in the space between the third electrode 
and the anode so that no electrons could get through. If now the 
third plate be a screen of fine wires it will act to screen the cathode 
from the anode to a large extent. If the potential of the open grid 
and cathode are equal then it will be found that the anode will not be 
completely screened but that a few lines of force will go through the 
grid from anode to cathode. Hence a few electrons can wander 
through the grid as a result of the attenuated field, and a much reduced 
electron current over that in the absence of the grid from cathode 
to anode results. The larger the meshes of the grid the less the screen- 
ing action of the grid and the greater the “ transparency of the grid 
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for electrons. If the grid be given a potential which is not that of the 
cathode, but is that which the place that it occupies would normally 
take on for a given current, the current to the anode would practically 
flow as if the grid were not there, except for a small absorption of 
electrons by the grid due to the area of its wires. If the grid is made 
more positive than the position which it occupies would normally 
take on, it is clear that this field between grid and cathode will stimu- 
late the flow of current from the cathode by neutralizing some of the 
space charge or altering the space charge distribution. Hence a grid 
positive to the cathode by an amount greater than that of the space 
in the absence of the grid will increase the current to the anode, 
beyond that which would exist in the alxsence of the grid. If the grid 

be more negative than the 
place which it occupies would 
normally become, then it will 
act to repel electrons back to 
the cathode, thus causing an 
increase of the space charge 
at the cathode, so that the 
current is decreased. It is 
accordingly .seen that owing 
to its strategic position be- 
tween anode and cathode 
a grid can even by a slight 
negative or positive change 
in its potential produce a 
considerable change in the 
current through the tube, even though the meshes in the grid are 
very wide. The fundamental equation for the action of such a 
grid was worked out by Van der Bijl* in 1913, and was developed 
from a study of the device shown in Fig. 147. The tube FGP having 
a glowing filament F, a grid G and a plate P, is connected through an 
ammeter A to a battery in the plate-filament circuit of potential lip. 
Between F and G there is a battery Eg putting a potential between 
F and (7, making G negative to F, Omitting the contact potential 
between F, G and P, we can now consider the action of the grid. Due 
to the field between P and F at some point (say the plane where the 

* For a study of such problems from a physical point of view there is no text in 
English which excels the pioneer monograph by H. J. Van der Bijl entitled “The 
Thermionic V^acuum Tube," published by McGraw Hill in 1920. Despite the recent 
progress, the text remains the most valuable scientific introductory text on the sub- 
ject for students interested more in the general physical aspects of the problem. 



Fic. 147. — Arrangrnicnt for a Study of the 
C'haract eristic Curves of a 3 Electrode Tube. 
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grid is located) there is prcxluced a potential which can be set as the 

I? 

same as that of a plate of potential — placed at the position of the 

grid, where ix is a number by which Rp must be divided to give the 
potential produced at this point by Ep, This represents the field 
existing in the absence of the grid due to the potential between P and 
F, This field as stated is positive, and acts to draw electrons from F, 
through the point where G is located, towards P. Now some elec- 
trons reach (7, but with open meshes most of tliem go through the 
the grid towards P. Thus the current cein be stimulated by replacing 

Ep 

the field due to P by a potential of value ~ on the grid, to nearly 

M 

the extent that tlie current would be stimulated by Ep alone in the 
absence of the grid. If the maxinium velocity of emission of electrons 
from the cathode in efiuivalent volts be Fand a contact potential K 
exist between Pand P, and if iv + F = €, we can .see that if a poten- 
tial — Es be placed on tlie grid equal and opposite to that which the 
plane of the grid would have due to Ep, the field of R.p will be anni- 
hilated and no electron can leave the filament and reach P. Hence 
the negative stopping potential P., of the grid (i.e., the negative poten- 
tial applied to the grid which will stop a current due to a potential 
Ep on P) is given by 

+ .. 


Hence we sec that the action of the grid on tlie electrons from the 


filament is dependent on Ey the grid potential, — and 6. That is, 

the effective potential driving electrons from F to P in a ^ electrode 

tube is — Eg + t. If Pig = — (— + it is seen that the net 

result is 0 and no current will How. If Eg is positive the current is 

stimulate!!, while if it is negative and less than --- + e the current 

M 

is reduced. In general then we can write Van der BijTs equation for 
a current i in the tube as 


i — f + Pp + € Y 


where /() means some function of the expression in parentheses and of 
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course also of the filament area, temperature, etc. I'he exact form 
of the function is uncertain but it is of an approximate form 

and varies with the geometrical form of the tube. The factor ji was 
found by Van der Bijl to be a constant for a given tube and depends 
on the diameter of the wires and the meshes and the location of the 
grid between F and P. It among other things expresses the maximum 
amplification obtainable for a given tube and is called the amplifying 
factor. This equation is the fundamental equation of the thermionic 
amplifier. 

Now the property which the third electrode imparts to the tube 
is that it endows the rectifier with a very sensitive sort of a trigger 
(the grid), which can stop (Eg negative and equal to or greater than 
\ 

Ea = — + or stimulate the flow of current through the tube. 
M / 

In this way a small potential Eg relative to the plate potential 
Eg 1 

— = - can cause a current to flow or cease flowing. Hence very 

Ep fx 

feeble oscillations on G (small Eg) can be made to cause a current 

of much larger magnitude 
to flow from P to F in syn- 
chronism with themselves. 
By the successive building 
up of the currents by im- 
pressing the oscillations in 
the plate-filament circuit of 
a first tube on the grid and 
filament of a second tube 
and so on for several stages, 
the weakest oscillations can 
be amplified up to values 
such as to be easily converted 
to sound or so as to cause marked electrical effects. 

A simple circuit for a study of this action is shown in Fig. 148. 
The oscillations entering at 0 are impressed between the filament F 
and a grid G, The filament F and the plate P are connected through 
a resistance R and hot wire milliammeter .4 to a battery Ep, a is the 
filament battery rendering the filament incandescent, and Eg is a bias 
battery for varying the potential of G negatively to F in order to let 



Fig. 148. — ('ircuit Illustrating the Amplifying 
Action of a 3 Electrode Tube. 
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the oscillations impressed on the grid work over a particular part of 
the range of action of the grid on the current i between P and F, 
With a negative Eg on G equal to or greater than there will be no 
current through i?. Under other conditions a current flows from P 
to F (electrons from F io P), and with oscillations of sufficient ampli- 
tude on the grid an intermittent current flows through R, giving an 
intermittent iR drop in R in synchronism with the oscillations in 0. 
This iR drop can be impressed between filament and grid of a second 
tube, or else R can be replaced by a coil coupled inductively * to a coil 
in a second circuit. If the oscillator be omitted one can study the 



Fig. 149. -Characteristk' Curves for 
3 Electrode Tube, Current Plotted 
against Plate Voltage for Different 
Grid Potentials. 



I"iG. 150. — 'C'hararteristic Curves for 
3 Electrode Tube, Current Plotted 
against Grid Potential for Various 
Plate Voltages. 


current i to the anode or plate as a function of Ep and of Eg. This 
gives one a set of curves for different values of the two independent 
variables. Such a set of curves are reproduced in Figs. 149 and 150, 
which result from the measurements of Van der Bijl.f In Fig. 149 
the current is plotted against Ep for different values of Eg, and in Fig. 
150, the current is plotted against Eg for different values of Ep. 
In Fig. 150 it is seen that the value of Eg required to reduce the 
current to 0 is the more negative the greater Ep. The curves are the 
characteristic curves of the 3 electrode tube. 

* The amplified oscillations in the branch FAREpP can be impressed between the 
grid and filament of a second tube by means of either the resistance method or else by 
inductive coupling, the conditions of operation determining the method used. 

t These curves were taken from Van der Bijl’s book “The Thermionic Vacuum 
Tube," and are reproduced through the courtesy of the McGraw-Hill Publishing Co. 
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If it is desired to rectify the incoming oscillations it is seen that 
when these oscillations pass through the 0 phase, the current should 
just be 0 (i.e., the bias voltage Eg should have the value showm in 
Fig. 150 for the foot of the curve corresponding to the Ej, used). Then 
on the negative half of the wave no current will pavss. During the 
whole positive phase the current will flow, starting at zero and rising 
along the characteristic curve up to the maximum current drawn by 
the peak positive potential impressed on G by the oscillations, and then 
falling off to 0 along the curve, the current curves showing much the 
.same form as in the two electrode rectifier, Fig. 1456. If on the other 
hand it is merely desired to amplify the oscillations positive and nega- 
tive, without distortion, the straight portion of the characteristic alone 
must be used. In this case it is assumed that the voltage amplitude 
of the incoming waves is small compared to the range along the x axis 
of the curves of Fig. 150 over which the slope of the curves is constant. 
Take for example an Ep of 200 in Fig. 150. The curve is nearly linear 
f)etween an Eg of 25 volts and 8 volts. The oscillations must then 
have a total amplitude of less than 15 volts. Eg must accordingly 
be set so that the Ovalue of the impressed E.M.F. lies at about 15 volts. 
Then positive and negative oscillations will cause changes in current 
which are proportional to the potential variations. These variations 
in current can be made to give potential variations of the order of /x 
times the incoming amplitudes, and we have an amplifier. 

In general, radio signals consist of a train of sine wave form high 
frequency oscillations whose intensity varies in a fashion dependent 
on the vibrations impressed on the sending oscillator by the voice 
through a microphone or by a telegraph key. These oscillations are 
transmitted as a wave train through space and reach an antenna or 
collecting aerial wire of large absorbing power tuned to resonance 
with the frequency of the incoming oscillations. These are com- 
municated by means of a radio transformer (having no iron) to an 
amplifying tube or series of such tubes. The amplified oscillations 
are thus intensified to a point where they can be rectified, and are 
converted by a rectifying 3 electrode tube to unidirectional surges 
of varying intensity and duration. If the transmitted signal is a 
sound signal the integrated unidirectional surges have frequencies so 
low (10,000 cycles or less) that they perrnit of amplification by iron 
core transformers, hence they are once more placed on an audio fre- 
quency 3 electrode tube amplifier capable of a high energy output. 
This in turn acts on the coils of a sound generator or loud-speaking 
microphone. The myriads of devices used to amplify and reproduce 
such signals make it impossible in a text of this scope to give any 
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particular circuits or class of circuits, so that the principles only are 
given at this point. Furthermore the types of tubes and the methods 
of achieving various goals are changing so rapidly that it hardly pays 
to describe circuits that are out of date before a book is off the press. 


147. THE THERMIONIC OSCILLATOR 

Not long after the development of the 3 elect hkIc tube as an 
amplifier and rectifier its use for an even more important purpose 
was discovered. As was seen in Chapter XXV a capacity connected 
to an inductance which naturally has some resistance will, if the elec- 
trical state of the circuit be disturbed, lead to an electrical oscilla- 
tion. The period T of the latter is given approximately by the equa- 
tion T = It's/ LC^ where L is the self-induction and C is the capacity. 
Owing to the resistance of the circuit such oscillations are highly 
damped and are useless for any but telegraphic communication (i.e., 
they cannot l)e modulated by the voice). The damping also reduces 
the range of distances o\'er which signals may be sent. Various 
attempts were made to produce sustained (i.e., nearly undamped) 
electrical oscillations of high frequency. Among these the successful 
attempts led to the design of generators of 100, 000 cycles or more of 
relatively small energy output, and of high frequency oscillating arcs 
such as the Poulson and ('haffee arcs. The latter were relatively suc- 
cessful and gave large power outputs with sustained oscillations, 
which were however incapable of being used for anything but teleg- 
raphy as the intensity of the oscillations could not be controlled or 
modulated by sound waves, etc. The 3 electrode tube however solved 
the problem of furnishing sustained oscillations which are capable of 
modulation and led at once to the development of radiotelephony 
and television, as well as to increasing the range of radio communica- 
tion in general. 

The exact manner in which the oscillating power of these tubes 
was discovered is somewhat obscure. There is no one name associated 
with this discovery in the literature and two facts probably served 
to make it difficult to trace its origin. One of these is the fact that 
this phase was developed for commercial uses and hence the secrecy 
surrounding patentable inventions was a contributing cause to the 
slow dissemination of information. Secondly much of the develop- 
ment occurred during the World War, 1913 to 1919, under cooperative 
and needless to say secret investigations which were divulge^d^only 
after 1919 in a completed form. The fact that the output energy of a 
3 electrode tube amplifier is greater than the input energy, and that 
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hence a part of the output energy might be fed back to sustain the 
oscillations of the input portion of the system, was doubtless the idea 
that must have struck many workers and led to the development of 
the 3 electrode tube oscillator. The period of the oscillation of such 
a device will depend, as do the periods in any oscillating circuits, pri- 
marily on the values of self-induction and capacity in the circuit, and 
hence these act as the timing clocks '' in such oscillators. The 
operation of one or two types of oscillators will be indicated below in 
order to show the nature of this use of the 3 electrode tube, though 
no attempt will be made to discuss the quantitative theory. 

An excellent example of a simple oscillating circuit is the Hartley 

circuit pictured in Fig. 151 . 
A capacity C is connected 
to two inductances Li and 
L2 in series. The circuit 
LiLoCy in which C may be 
variable, having self-induc- 
tion capacity and resistance 
(of the coils), will oscillate 
electrically if disturbed as 
given by the equations of 
Section 127 (i.e., this is 
the “ time clock of the 
circuit). A battery B is 
placed in series with the plate and F through L2. As the current 
from B starts to flow through Lo when the filament F is heated, the 
potential drop across L2 starts a current charging C through Li, The 
system CL1L2 then oscillates with a period 2 ' approximately given by 
T = 2 irVciLi+ L2) if the resistance of Li and L2 is small. The 
oscillation sets up an alternating E.M.F. between F and G which is 
aided by the bias battery b placing G on the sensitive part of its char- 
acteristic curve. The value of Li relative to L2 is .so chosen that the 
E.M.F. between F and G is in the proper phase relation with the oscil- 
lation in the circuit CL1L2 to give a sustained oscillation. Thus as 
the potential between F and G causes the current through the tube 
from P to F to vary, this same current reinforces the oscillations in the 
condenser system CX1L2. In this manner continuous undamped oscil- 
lations occur in CL1L2 of any desired frequency depending on Li, L2 
and C, which can be transferred to any desired system by coupling 
coils or other devices. The test for the presence of oscillations and 
adjustment of the circuit is facilitated by the use of a thermogalvanom- 
eter T in the circuit CL1L2. The above circuit is sometimes modi- 



Fig. 151. — The Simple Hartley Oscillating 
Circuit. 
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fied by replacing the bias battery h by a capacity-grid leak system for 
charging the grid to a proper potential. This arrangement is shown 
in Fig. 152. The circuit is the same except that b is replaced by the 
condenser C, and the resistance Rg. The resistance Rg is of rather 
high value (order of a 



megohm) and Cg and Rg 
are so chosen that the 
accumulations of electrons 
on G due to the electron 
current from F to P keeps 
G at the proper potential 
with respect to F. Cg may 
vary from 0.0005 micro- 
farad to 0.002 micro- 
farad or more. Colpitts 
used a circuit in which 
the capacity is divided, to 
play the role of interrupter 
and oscillator instead of the divided inductances as used above in 
the Hartley circuit. A type of Colpitts' circuit is shown in Fig. 15vh 
In this circuit the oscillating circuit, or ‘‘ timing clock is the circuit 

CxCzL, The capacity is y/ - 

Cl + C‘J 


Fu;. 152. — The Simple Hartley Oscillating C'ircuit 
losing a Ciricl-Leak Instead of a Bias Battery. 


and the period T is approximately 



Fig. 153. — The Simple Colpitts' Circuit. 


^ Tl.e 

driving battery B drives the 
electron current through F 
to P except as the oscilla- 
tions on G modify it. The 
current runs through an 
iron-cored choke coil C /?2 
which acts to damp the 
radio frequency oscillations 
through the battery. Chi an 
iron-cored high impedance 
choke coil replaces the grid 
resistance used in the Hart- 
ley circuit, while C 3 fulfills 
the same function as in the 
latter circuit. C is a very 


high capacity which establishes a high frequency connection between 
B and P, and the condenser system C 1 C 2 L, The oscillations are im- 
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pressed on the grid by being picked off across Ci which is in series 
with C2. 

A third type of oscillation generator is shown in Fig. 154. In this 
case the oscillating circuit is CL2, T being the thermogalvanometer. 
The oscillations in CL2 are placed between G and F through the bias 

battery b. The driving 
battery^ operates to drive 
electrons from F to P 
through an inductance Li 
closely coupled to L2. In 
this case the period is in- 



lM(i 


mutual inductance M be- 
tween Li and L2* As soon 
as the plate current begins 
to flow through Li an oscil- 
lation is induced in L2C 
which maintains such a 
I)hase relation to the cur- 
rent from B that sustained 
oscillations are generated in 
L\ which may be picked 
up by a circuit tuned to L\ 
as desired. The energy of oscillation in CL2 comes from the induc- 
tive coupling with L\ and from the battery B. 

The variations of these circuits and the manipulation of the oscil- 
lations vso obtained by amplification, rectification, etc., are indefinitely 
great. There is thus no place in this text for a further discussion of 
the application of the thermionic emission to the modern develop- 
ments of applied science, sufficient theoretical consideration having 
been given to lay a foundation for further study. 


154. — Tuned (irid ( iiruit Oscillator of the 
Hartley Type. 


148. PIEZO ELECTRIC AND MAGNETO STRICTIVE OSCILLATORS 

Perhaps a word or two might be said about two more sets of elec- 
trical phenomena which are now widely used in the work on oscil- 
lating systems. One of these makes use of the so-called piezo electric 
(pressure-electrical) effect in quartz first studied by Pierre Curie. 
If a quartz crystal be cut so that two of its faces are perpendicular to 
the optic axis, and if the faces be rendered conducting by placing 
metal plates thereon, or by sputtering with metal, it will be observed 
that whenever the crystal is subjected to mechanical stress (i.e., 
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either compressed or elongated along its optic axis) an electrical dis- 
placement takes place in the crystal, one electrode becoming positive 
and the other negative. The charges on the plates on compresvsion 
are reversed on tension, and hence by compressing and expanding the 
crystal an alternating potential difference is set up on the plates which 
can be amplified to any desired magnitude by thermionic amplifiers. 
Now such a quartz crystal will have a mechanical frequency of vibra- 
tion dependent on the thickness of the crystal and its elastic con- 
stants. A similar behavior is manifested by crystals of Rochelle 
salts. Hence it is seen that by making the crystal vibrate mechani- 
cally, electrical oscillation of great constancy can be obtained. We 
thus have a new sort of “ timing clock (the mechanical vibrations 
of crystals), which can be used in place of the usual electrical oscilla- 
tors. The value of these crystals, however, lies in a further property. 
If properly timed elec trical charges are plac:ed on the crystal faces 
by means of the plates there will be mechanical vibrations introduced 
on the quartz crystal. Hence these crystals when in tune with an 
electrical oscillation can be made to vibrate cjuite violently. The 
frequencies of these vibrations are of course well below the customary 
radio frequencies, but lie well above the frequencies of audible sounds 
(i.e., between ten thousand and some hundreds of thousands of cycles 
per second). They are therefore called supersonic vibrations. The 
energies of the supersonic waves obtained are prodigious, as the 
mechanical efficiency of the crystals is high and the electrical energy 
input is almost entirely converted to sound. Furthermore these super- 
sonic waves of short wave length are not diffracted by ordinary objects 
like ships, but cast sharp shadows and travel in nearly straight lines. 
If an oscillator and a parabolic rellector send out a beam of such 
waves these will be reflected back by any solid bodies (hulls of ships 
in water, or the ocean bottom). The echo or reflected wave can then 
be picked up by a tuned crystal amplifier converted to direct current 
surges of the modulated frequency and heard on a telephone. From 
the velocity of sound and the time elapsed between sending and receiv- 
ing a signal the distance of the reflecting body can be measured. These 
supersonic transmitters and receivers served as the most successful 
of the devices for detecting submarines in the World War, and have 
now been installed in many ships for automatically continually deter- 
mining and recording the depth of water in the form of instruments 
known as fathometers. The development of supersonic devices is 
largely due to P. Langevin, who developed the first submarine detec- 
tors. The mechanical effects produced by the concentrated energy 
in supersonic waves are such as to cause intense local heating, to 



366 THE PHOTOELECTRIC AND THERMIONIC EFFECTS 


break up emulsions and to cause chemical reactions. There is no 
doubt a great future in the application of these crystals to many prob- 
lems. Among other problems it appears that the constant frequency 
of these crystals may revolutionize the problems of timing and time 
keeping, and investigations are well under way for utilizing this phe- 
nomenon in such problems as those of astronomical clocks. 

The use of a similar mechanical effect of electromagnetic nature 
is also being developed today. A cylindrical bar of iron of a certain 
length and diameter has its own mechanical periods of oscillation. 
It can vibrate in tune to its natural frequency or multiples thereof. 
G. W. Pierce at Harvard has made use of the magnetostrictive 
effects of magnetizing currents in a solenoid about such a bar, to set 
the bar into oscillations in its natural period. These mechanical 
vibrations of a bar produced by the magnetostrictive effects of cur- 
rents of proper frequency can be transmitted to a sounding board of 
adequate design. Hence by properly tuning a bar to resonance with 
a radio signal of appropriate frequency the modulations impressed on 
this radio frequency by a microphone adequately amplified can be 
impressed on the amplitude of vibration of the bar. In this way the 
sounding board can be made to reproduce the audible notes impressed 
on the microphone with very great precision. What the future of such 
magnetostrictive devices in practical application will be remains for 
the future to show. 
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1. In the diagram of Fig. PI, A is a mag- 
net whose length is 10 cm. Find the mag- 
nitude and direction of the resultant field at 
a point P, 10 cm distant from the N pole of 
.<4 on a line at right angles to yl, if the pole 
strength m is 40 units. This problem is to 
be solved numerically. 

2. Given a magnet whose length is 16 cm 
and whose pole strength is 200 units. 
Calculate the magnitude (in gauss) and 
direction of the resultant field at a point 
distant 12 cm from the south pole and 20 cm 
from the north pole of the magnet. 



3. The magnet A of the Fig. P2 is 5 cms long and has a pole strength of 100 units. 


It is placed at right angles to the earth’s magnetic field H of strength 0.25 gauss as 



indicated by the arrows. Calculate the resultant field at a point P distant IS cm 
from the center of yl on a line at right angles to the axis of A, in magnitude and direc- 
tion. In this problem use the 
approximate formula for the 
strength of the field at a point 
on the perpendicular to the cen- 
ter of a magnet. 

4. In the lecture demonstra- 
tion experiment a small bar 
magnet 5 cm long weighing' 15 
grams was shown to be sup- 
ported with its axis 2 cm from 
an identical bar magnet con- 
Fig. P3. cealed in the wooden box below 

it as shown in Fig. P3. The N 
pole of the suspended magnet is just over the N pole of the magnet in the box. These 
magnets are made of a new alloy developed by the Western Electric Company 
and represent examples of as powerful a magnet as can be obtained for small 
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H « 0.25 eauss. 




Surface of Water 


permanent magnets of 
this type. Calculate the 
pole strength of these 
magnets from the data S l*in~200 
given above, taking into 
account attractive forces 
as well as repulsive forces. 

5. Given a steel knitting needle K floated in a vertical position 
by means of a cork C on water as shown in Fig. P4. It is 20 cm 
long, and has a pole strength of 200 units. Its N pole is 5 cm from 
the N end of a bar magnet A, 15 cm long, having a pole strength of 
200 units, lying horizontally with its axis parallel to the earth’s field 
H of strength 0.25 gauss and having its N end pointing to the N geo- 
graphic pole. Calculate the resultant force parallel to the surface 
of the water for 2 cases: (a) neglecting the action of both S poles; 
(b) taking into account the S poles. What is the percentage error 
due to a neglect of the .S poles? 

6. Given two bar magnets A anrl B of length 10 cm with axes 
parallel and separated by 10 cm. The N pole of A is opposite the 
S pole of B. Calculate the field at a point P midway between the 
two magnets on a line joining their centers when {a) A has m = 200 
and B has m = 100, and {b) A has m = 200 and B has m = 200. 

7. Calculate the field due to the magnet A in magnitude and direc- 
tion at a point P located as indicated in the diagram of Fig. P5 if the 
magnet has a pole strength of 100 units and is 20 cm long. 


N 

5 cm. — >ft 




s 

Fig. P4. 



20 cm 
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8. Calculate the resultant field in magnitude and direction at a point P on the 
axis of the magnet A, I'ig. P6, of 50 units pole strength and 10 cm length, 50 cm from 
its center at its north end, and 50 cm from the center of a magnet B which lies on 
the axis of A but is at right angles to this axis and has a length of 10 cm and a pole 


•* — 10 cm . — >1 
S i»m=50 A 


Fig. P6. 


N 



strength of 100 units, its north end being upward. This answer need not be given 
more accurately than 5%. 

9. A bar of copper is suspended in a stirrup by a fine steel wire and its position 
accurately set perpendicular to the horizontal component of earth’s field JI. The bar 
is then removed and replaced by a powerful bar magnet of magnetic moment Af = 4 
X 10^ units. This magnet sets itself so that it makes an angle of 30® with its initial 
position and 60° with the earth’s field. The radius of the wire is 0.030 cm and its 
coefficient of rigidity v — ^ X W^K The length of the wire is 38.4 cm. Calculate 
the horizontal component II of the earth’s magnetic field to an accuracy not exceeding 
3 significant figures. Remember that the angles used in the formulae are in radians. 

10. A bar of copper is suspended by a fine steel wire by means of a stirrup in a 
position perpendicular with the earth’s field II whose horizontal component is at 
this place 0.15 gauss. When the copper bar is removed and a magnet of moment 
M ~ 6.78 X 10^ units is placed in the stirrup the magnet takes on a position in the 
field such that the wire and stirrup are twisted through v? degrees with the perpen- 
dicular to the field (the original rest position), and with 90 — (p degrees or 0° with the 
field. If the radius of the wire is 0.03 cm, its coefficient of rigidity is 4 X 10“ and 
its length is 30.7 cm, calculate the angle (p which the magnet makes with the per- 
pendicular to the earth’s field. Do not carry computations further than 3 significant 
figures. (Note when the equation is properly set up an expression of the form, 
cos <p 

= A, results in which A has a numerical value. To solve such an equation 

cos <p 

plot the values of as ordinates for various angles (p from 0 to tt radians, against ^ 

<p 

as abscissae. At the point A on the plot read off the value of which is the desired 
result, and convert to degrees.) 

11. Referring to Problem 9, calculate through what angle the torsion head of 
the suspension would have to be twisted to hold the bar magnet at an angle of 80° 
with the field, using the torsional constant given in Problem 9 and the value of the 
earth’s field there calculated of 0.254 gauss. (To solve this problem remember that 
there is at 80° with the field a torque on the magnet; this torque must be equal to the 
torque on the suspension produced by twisting the torsion head.) 

12. Problems 12, 13, and 14 use the same data given under I and II. 

I. A bar magnet of unknown moment M is placed with its axis horizontal 
and perpendicular to the horizontal component of earth’s field II which is also 
unknown. A small compass needle at 31.1 cm from the center of the bar magnet 
along its axis is observed to be deflected 45°, with the earth’s field. 
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II. When this magnet M was mounted on a stirrup suspended by a fiber of 
negligible rigidity its period of oscillation in the earth’s field was found to be 
TT seconds. When the same magnet suspended as above was loaded with a ring 
whose moment of inertia was 450 g cm* the period was observed to be 27r seconds. 
The approximate length of the magnet was 10 cm. 

M 

Calculate the ratio — ; for the magnet. 

H 

13. Calculate the product Mil for the magnet from the data of Problem 12. 

14. Determine the values of M and H separately from the data given in Problem 
12, and calculate the approximate pole strength m of the magnet. If the angle of 
dip is 70° calculate the Hr total intensity of the earth’s field. 

15. Place a short bar magnet whose magnetic moment is 500 in any position you 
choose with its axis in a horizontal plane in which there is a uniform field of 0.20 gauss. 
Having placed your magnet in this field and indicated its position locate quantita- 
tively all positions of neutral points on the paper; that is, points where the field 
intensity is 0, using approximate formulae. 

16. Problems 16, 17 and 18 use the same data given under I and II. 

I. A bar magnet of unknown moment M is placed with its axis horizontal and 
perpendicular to the horizontal component of the earth’s field H which is also 
unknown. A small compass needle at 28 cm from the center of the bar magnet 
along its axis is observed to be deflected 60° with the earth’s field. 

II. When this magnet M was mounted cn a stirrup suspended by a fiber of 
negligible rigidity its period of oscillation in the earth’s field was found to be ir 
seconds. When the same magnet suspended as above was loaded with a ring 
whose moment of inertia was 360 g. cm*, the period was observed to be 27r seconds. 
The approximate length of the magnet was 5 cm. Calculate the product MH 

for the magnet and field. 

17. Calculate the ratio M/H for the magnet from the data in Problem 16, part I. 

18. Determine the values of M and II separately from the data given in Problem 
16, and calculate the approximate pole strength m of the magnet. If the angle of 
dip is 75° calculate the Ht total intensity of the earth’s field. 

PROBLEMS BASED ON CHAPTERS V AND VI 



1. Given two long straight parallel wires, such 
as might feed a motor as indicated in Fig. P7, 
separated by 4 cm. The current flows up in one 
and down in the other. If the current carried by 
them is the same and equal to 10 amperes calcu- 
late the resultant .field H in gauss at a point P, 
2 cm from one and 6 cm from the other, and indi- 
cate the direction of the resultant field. 


Fig. P7. 
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2. A student was measuring the field at a point P distant 40 cm from the center 
of a circular coil A along its axis. The coil had 100 turns and a radius of 30 cm carry- 
ing a current of 1 ampere in the sense indicated by the arrows of Fig. P8. Acci- 
dentally a wire B ran vertically upward in the wall of the room 20 cm from P. If it 



carried a current of 10 amperes flowing upwards calculate in magnitude and direction 
the fields he measured on two separate occasions: (a) when no current was flowing in 
B; and (b) when the current was flowing in B. 

3. In a laboratory experiment a student was investigating the field due to a cir- 
cular coil of 10 turns, radius 15 cm, at a point P 50 cm from its center along its axis. 
The current in the coil was 2 amperes and in the direction of the arrows in Fig. P9. 
He measured the field by observing the deflection of a compass needle in the field 



of the coil and the horizontal component of the earth’s field which was one of 0.15 
gauss and at right angles to the axis of the coil. Unknown to the student there was 
in the wall 20 cm distant a vertical power supply line wire carrying a current of 20 
amperes upwards. Calculate the angle 0 of the compass needle with the earth’s field 
and the resultant field: (a) when the power line was running (indicate direction o^^ 
diagram) ; (6) when the power was off* 
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20 amps. 


10 amp8 


- 15 cm 


-10 cm— 


-5 cm. 


4. Given two long parallel wires A and B shown 
in Fig. PIO 15 cm apart with currents of 20 and 10 
amperes respectively flowing upwards in them. 
Calculate the resulting field in magnitude and direc- 
tion at a point />, 10 cm distant from A and 5 cm dis- 
tant from B. 


Fig. no. 


5. Given the two coils A and B shown in Fig. IM 1, having a radius of 20 cm and 
100 turns each. A current of 5 amperes flows in coil A and 2 amperes flows in coil B 



in the direction of the arrows. The coils have the same axis and are separated by 
40 cm. What is the direction and magnitude of the field at a point P on their common 
axis 20 cm from each coil? 

6. In the earth’s field of horizontal intensity 0.25 gauss a suspended magnet had 
a period of 2 seconds. The same magnet placed in the center of a plane circular 
coil of radius 15.7 cm having 75 turns so placed that its field adds to the earth’s field 
is observed to have a period of 1 second. Calculate the current in the coil in amperes. 

7. A current passed through a tangent galvanometer, and through a silver vol- 
tameter connected in series. In the voltameter, metallic silver was deposited at the 
cathode. The galvanometer had 30 turns a radius of 15.70 cm, the horizontal com- 
ponent of the earth's field II was 0.12 gauss and a deflection of 45° was observed. 
This same current in 2 hours deposited 0.8050 gram of silver, (a) How many 
grams of silver does one coulomb deposit? (b) HoW many coulombs deposit 107.9 
grams of silver? 

8. In testing magnetos for aeroplane engines during the war all the characteristics 
of the sparks were required to be known. To test the heat per spark and thus the 
average ignition current during the spark, a standard spark gap was placed inside a 
heat insulated copper block calorimeter and the rate of heating of the block was 
determined as the magneto operated. The heating curve with the magneto attached 
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giving 360 sparks per minute was compared to calibration curves taken with a heating 
coil placed in the block, the current through which, and potential across which, could 
be measured. With a given magneto the curve coincided with that due to a current 
of 0.5 ampere at 120 volts. The average voltage across the spark gap w'as known 
from oscillograph measurements to be about 200 volts (it started at 6000 volts and 
dropped to 100 volts during the discharge so as to give an average of 200 veils). 
The time of the discharge was known by oscillograph to be 0.001 second, (a) Calcu- 
late the watts delivered to the copper calorimeter by the heating coil and therefore 
by the 360 sparks per minute, (b) Calculate the average rate of temperature rise of 
the copper if its equivalent mass was 1000 grams (specific heat .093), before it began 
to lose much heat by radiation (i.e., on the straight part of its heating curve), (r) 
Calculate the power delivered in watts per spark from the magneto, (d) 'riien cal- 
culate the average current from this magneto in amperes during the discharge of 
0.001 second. 

9. An unknow!! P.D. was applied to a resistance wire in a calorimeter who.sc water 
equivalent was 528 gram calories per degree C. The current was run for 3 minutes 
and 20 seconds and the temperature rise amounted to 10° C with a current of 
1 ampere. What was the potential dilTerence in volts across the calorimeter, and 
what was the power consumption in watts? 

10. A lightning discharge struck a copper lightning rod 1 cm in diameter and 
1000 cm long. The density of copper is 8.5, its specific resistance is 2 X 10“”, its 
melting point is 1 100°, its latent heat of fusion is 42 calories per gram, and its specific 
heat is 0.12. The rod was fused and the heat of the discharge went to heating 
it to its melting point and fused it. The discharge lasted 10“® seconds. With these 
data calculate: 

(a) The weight of copper melted. 

(d) The heat liberated in the process. 

(r) The resistance of the lightning rod. 

(d) The average current in amperes. 

(e) The potential across the wire if the discharge was constant for the 10“® 
seconds. 

(/) The power liberated in watts and the quantity of electricity in coulombs. 

(g) The magnetic field in gauss 10 meters from the rod. 

(//) If the flash which struck the rod was .300 m long in the air and the P.D. was 
10® volts the following data are reciuired: 

(1) The power in watts liberated in the air. 

(2) The apparent resistance of the air path of the spark as a whole and the 

resistance per meter. 

11. An electric flatiron is wound for a 110-volt circuit and takes 5.5 amperes of 
current under operating conditions. What is its power consumption? How many 
calories of heat arc developed per hour? What does it cost to operate the iron at the 
rate of 5 cents per kilowatt hour? 

12. A coil of resistance wire 528 cm long is connected to a 110-volt power main 
and is observed to raise the temperature of a liter of water in a beaker 5 degrees C in 
1 minute and 40 seconds, (a) What is the resistance of the wire? (b) If the wire had 
been 5 times as long, what would the rise in temperature have been in the same time? 

13. A short compass needle free to vibrate in a horizontal plane is suspended 10 cm 
magnetically east of a long vertical wire. The horizontal component of the earth’s 
field at the compass needle is 0.25 gauss. When there is no current in the wire the 
needle vibrates 30 times a minute. A current i is sent through the wire and it is 
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observed that the needle reverses direction and now makes 20 vibrations per minute. 
Determine i in amperes and state whether i is up or down in the wire. 

PROBLEMS BASED ON CHAPTERS VII AND VIII 

1. Determine the resistance between the points A and B in the circuit shown in 
Fig. PI 2. The numerals denote the resistance of each conductor in ohms. 



2. A wire of 10 ohms resistance is drawn out until its length is doubled. Assum- 
ing that the .specific resistance remains constant calculate its resistance. 

3. Copper has a specific resistance of 1.8 times 10 A telegraph line of 100 km 
length is to be run from one town to the next. The length of the wire will thus be 200 
km of copper wire of diameter 0.356 cm (about No. 10 wire). It requires 0.319 
ampere to work the relay at the receiving end. (a) How many Daniell cells of 
E.M.F. = 1.15 volts each will be required to operate the line? (b) If the temperature 
ranges from — 20° C in winter to + 40° C in summer, and if the temperature 
coefficient of resistance of copper is 0.004 ohm, per ohm per degree C, how many 
cells will be required to care for this change, and at what time of the year must more 
cells be used? 

4. Telegraph lines are run for given stretches of less than a hundred miles each. 

This is because the resistance of the wire reduces the current, (a) If it takes 0.159 
ampere to work the relay at the farther end of a stretch, and if it is convenient 
because of losses to use only 115 volts on a line, how many relay stations will have to 
be used from here to Chicago 3200 km (twice the length of wire is used for the current 
and its return) if the wire is copper of diameter 0.356 cm (about No. 10) whose spe- 
cific resistance is 1.8 X 10 ~®. (b) If the temperature ranges from —30° C to +40° C 

from winter to summer, and if the temperature coefficient of resistance for copper is 
0.004 ohm per ohm per degree C, what will be the potentials needed on the line in 
the coldest and hottest weather if 115 volts was needed at 0° C? 

5. A battery has an E.M.F. of 20 volts and an internal resistance of 2 ohms. An 
ammeter in series with a resistance is connected to the battery terminals and the 
ammeter reads 4 amperes. A wire of 3 ohms resistance is now connected to the bat- 
tery terminals in parallel with the ammeter branch. What will the ammeter now 
read and what will be the difference in potential between the battery terminals? 

6. A voltmeter of very high resistance is connected to the terminals of a battery 
whose internal resistance is 3 ohms and reads 18 volts. If an ammeter joined in 
series with a resistance giving a total resistance of 6 ohms be connected to the ter- 
minals of the battery in parallel with the voltmeter what will each instrument read? 

7. Given a vpltmeter of ranges 150 volts and 15 volts, Fpr th^ 150-volt sc^le 
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the resistance is 300 ohms, and for the 15-volt scale it is 20 ohms. When the poten- 
tial across 100 dry cells of E.M.F. of 1.5 volts each connected in series was read the 
150- volt scale read 144 volts. Ten cells in series were then put on the 15-volt scale. 
(a) What was the internal resistance of 1 cell? (b) What did the 15-volt scale read? 

8. A small generator gives a potential reading on a voltmeter of 100 volts when 
the voltmeter of resistance 300 ohms is placed across a resistance of 100 ohms, which 
is in series with the generator. When the 100-ohm resistance is replaced by a 200- 
ohm resistance the voltmeter reads 105 volts. Calculate the internal resistance R^ 
and the E.M.F., E of the generator. (Note two simultaneous equations in Ri and E 
can be obtained from the data above.) 

9. The circuit depicted in Fig. P13 is typical of the circuits used in wiring houses. 
In order to choose the wiring to be used it is essential to know the currents in each 
branch, (a) Calculate the currents ti, h, is, Uf and n as well as the potential across 



Fig. P13. 


i?i, R 2 , R 3 , Ri, Rs when the lights arc all burning. (6) Calculate the potentials 
across the resistances Ri and R 2 , Rs, Ri, Rb which are in parallel when the currents 
in both heaters are 0, that is, with the circuits R 2 , and 10 ohms in R^ cut out. The 
change found in potential across the lamps shows why it is that lights dim when 
electric heaters are put on. 

10. A cell of internal resistance Ri and E.M.F., E gives 2 volts potential across a 
resistance of 20 ohms, and 1.5 volts potential difference across a resistance of 10 ohms. 
Calculate Rt and E. 
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Problems on Kirchhoff’s Laws of Divided Circuits 


11. Given a Wheatstone’s bridge network which is in " balance ” {ig — 0). 
Prove that the liattery and galvanometer may be interchanged without destroying 
_ the balance. 

12. (jiven the circuit shown in Fig. P14 
with the following values of potentials and 
resistances. Calculate the currents ii, 12 and 
/3 in amperes, in fractional form, using Kirch- 
hotf’s laws. 
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Kk;. P14. 


El = 3 volts 
£ 2=2 volts 
Ri — 2 ohms 
Ri ~ 1 ohm 
Rz ~ 2 ohms 



£2 


13. Given the circuit shown in Fig. PIS 
which is a potentiometer circuit. Calculate 
the currents in each of the three branches of 
the circuit. Given: 

El =2.0 volts 
Et = 1.0 volt 
Ri = 60 ohms 
Ri — 50 ohms 
Rg = 50 ohms 


Fi(]. PI 5. 



14. Given the circuit 
shown in Fig. PI 6, solve 
for the currents fi, ^ 2 , fs, U 
and iy. Given : 

El = 5 volts 
£2 = 1 volt 
Ri = 10 ohms 
Ri =5 ohms 
£ 3=5 ohms 
R 4 = 10 ohms 
= 10 ohms 
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15. Given the circuit shown 
in Fig. PI 7, which represents 
a Wheatstone bridge out of 
balance. If the galvanometer 
can stand a current of 10 
amp)eres will this lack of bal- 
ance ruin it? Determine the 
answer by solving for ig only. 
Given : 

E = \ volt 
Re — 1 ohm 
Rg = 40 ohms 
Rx = 20 ohms 
Rr, == 50 ohms 
Rp = 40 ohms 
Rq — 50 ohms 



Fig. P17. 


16. Given the circuit shown in Fig. P18. It is a Wheatstone Bridge out of balance. 


Solve for the v.iluc of z,, ij, ip, 
ig, ip, and zq in amperes {to be 
given in' fractional form). If a 
current of 10" ‘ amperes would 
wreck a galvanometer that it 
was intended to use, could such 
an unbalance as this be safely 
used with the galvanometer? 
(jiven: 

R/i = 100 ohms 
Rx = 80 ohms 
Rg =100 ohms 
Rp = 100 ohms 
Rq = 100 ohms 
Re = 1 ohm 



E - 1 volt 


Fig. P18. 


17. C}iven the circuit 
shown in Fig. P19. Solve 
for the currents ii, 7*2, f.*?, ii, 
and ig in amperes in frac- 
tional form. Check solution 
by substituting in one of 
the other equations. Given : 

Ri = 30 ohms 
= 15 ohms 
i ?3 = 5 ohms 
Ri = 10 ohms 
Rg = 100 ohms 
El = 10 volts 
Ei = 10 volts 


El 



Fig. P19. 
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PROBLEMS BASED ON CHAPTERS IX, XI, XH AND XIH 

1. Given a D’ Arson val galvanometer built according to the following specifica- 
tions: It has a coil of 100 turns, length 8 cm, width 0.75 cm. The field H is one of 
500 gauss. The phosphor bronze suspension has a modulus of rigidity rj = 6 X 10^' 
dynes/cm^, whose radius is 4 X 10“^ cm and whose length is Irr cm. The moment of 
inertia of the coil is 154 dynes cm^. Calculate (a) the galvanometer constant K; 
(b) the figure of merit k, (c) its sensitivity in megohms; {d) its period of oscillation. 
All the dimensions arc realizable. Do you consider this a practical galvanometer? 
Can you see how a much greater sensitivity may become impractical with a gal- 
vanometer like this? 

2. A milliammeter has a resistance of 1 ohm and a scale reading from 0 to 100 
milliamperes. (a) What is the resistance of a shunt that would convert it to an 
instrument reading from 0 to 10 amperes? (b) What series resistance would one use 
to convert it to a voltmeter reading from 0 to 10 volts? 

3. A laboratory voltmeter reads from 0 to 150 volts. Its resistance is 300 ohms. 
It is required to use it for measuring potentials from 500 to 600 volts. Show what 
resistances arc needed and how they are to be connected to attain this result enabling 
one to use the full range of the scale and a convenient multiplying factor. 

4. An ammeter has a range of from 0 to 1 ampere. It is needed to measure cur- 
rents from 15 to 25 amperes. Its resistance as measured was 1.0 ohm. (a) How 
would you connect it in a circuit to read these currents? (b) What resistances if any 
would you use? (c) How would you deduce from them the true current through 
the circuit? 

5. Given a D’ Arson val galvanometer made according to the following speci- 
fications: It has a coil of 200 turns, length 6 cm, width 0.5 cm. The field H is 400 
gauss. It has a phosphor bronze suspension of modulus of rigidity rj ^ 6 X 10^^ 
dynes/cm* whose radius is 5 X 10“^ cm and whose length is tt cm. The moment of 
inertia of the coil is 77 dynes cm*. Calculate: (a) The galvanometer constant; (6) 
the figure of merit; (c) its sensitivity in megohms; (d) its period of oscillation. 
Can you see why a much greater sensitivity might become impractical in a galvanom- 
eter like this? 

6. J. J. Thomson measured the deflection of a stream of electrons In a magnetic 
and electric field and from the measurements found the ratio of the charge e (the 
quantity of electricity) on an electron to the mass m to be given by ejm = 1.81 X 10^ 
absolute electromagnetic units of quantity per gram mass of electrons. Now the 
mass of an electron is 1/1860 that of the //atom or 8.8 X 10“*® grams. Calculate 
from these data the quantity of electricity in absolute electromagnetic units carried 
by the electron. What is the value in coulombs? If each chlorine ion carried as 
its negative charge 1 electron, and there were 6.06 X 10*® atoms of chlorine in a gram 
atom, how much electricity would a gram atom of chlorine ions carry? How does 
this compare with the quantity actually carried by a gram atom of chlorine ions and 
what does it lead one to conclude about the nature of the charge carried by the 
chlorine ion? 

7. Given that a gram atom of oxygen has in it 6.06 X 10*® atoms. It takes 

193,000 coulombs to liberate this gram atom of divalent oxygen atoms, (a) What 
charge does the divalent oxygen atom carry in coulombs, in E.M.U.? (b) The mass 

of the hydrogen atom is 1.662 X 10“*^ grams, and that of an electron is 1/1860 that 
of the If atom. Calculate the ratio of charge to mass, ejm, in electro-magnetic units 
per gram carried by the electrons assuming that their charge is one-half that on the 
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oxygen ion. Compare this with the value of ejm = 1.81 X 10^ absolute E.M.U. per 
gram observed by J. J. Thomson for cathode rays and draw your conclusions. 

8. A water pipe takes part of the return current from a trolley line. The current 

is spread over an area of the pipe amounting to 100 cm by 20 cm. The current is 
0.08 ampere, the ground being negative to the pipe. If the pipe is 0.5 cm thick how 
long will it take to corrode the pipe away, provided the corrosion is uniform over this 
area and assuming in the moist ground away from air that the Fe goes into solution 
as or ferrous iron. 

9. Ten liters of pure H2 gas are required at 27° C and 760 mm pressure for an 
experiment. The H2 is to be generated electrically and must be generated in a period 
of less than 5 hours. What current will be required if 96,500 coulombs deposit 
1 gram of H2 gas? 

10. A small lead storage cell is charged with a current of 1 ampere. The cell is 
such that 25 grams of water if taken from it will lower the level of the acid in the 
cell 1 cm. The cells were left to charge overnight at the above mentioned cur- 
rent. At 5 A.M. the cells were fully charged and the current was used in decompos- 
ing the water. How far had the level fallen by 10 A.M. when the current was shut 
off? 

11. When Na reacts with Cl to form NaCl, 97,900 calories of heat are given out 
for every gram atom of Na combining. If it takes 96,500 coulombs to liberate 23 
grams of Na what will be the E.M.F. of a cell with Na and Cl electrodes, neglecting 
entropy? 

12. In a Daniell cell ZnS04 is formed and CUSO4 is decomposed depositing Cu 
on the anode. I'he heat of formation of ZnS04 is 248,000 calories per gram-molecule. 
That of CUSO4 is 197,500 calories per gram-molecule. From these data calculate 
the heat set free per gram-molecule of the reaction of the cell, and then per gram 
Zn consumed. If Zn has an atomic weight 65.4 and a valency 2, calculate the E.M.F. 
of the Daniell cell in volts. Given / == 4.18 X 10^ ergs. 

13. The Daniell cell composed of a cell in which Zn replaces Cu in CUSO4 has a 
potential of 1.05 volts. The heat of formation of CUSO4 is 197,500 calories per gram- 
molecule. Given the atomic weight of Zn = 65.4, its valency as 2, and J as 4.18 
X 10^ ergs calculate the difference in heat of formation of ZnS04, and CUSO4 
first per gram and then per gram-molecule, and hence the heat of formation of 
ZnS04. 

14. A piece of apparatus must be plated with pure gold to resist the action of 
acids. The deposit must be 0.1 mm thick and the chamber is a cylinder of 5.62 cm 
radius and 20 cm high. The inside of the cylinder and the base must be plated. 
The gold is trivalent and the current density must not exceed 0.005 ampere per cm* 
of gold surface. How many hours will it take to plate the chamber? 

15. In the thermoscope shown in Fig. P20 the current through the system is 20 
amperes. The resistance of the Cu — Hi element in the small bulb of 75 cm'* capacity 
is 5.0 X 10“^ ohms in each cell. The Peltier coefficient P = 10 for each element 
and the current flowed for 147 seconds. During this period there was a quantity of 
heat developed in each of the two junctions. This heat must be calculated for each 
junction. Since the heat capacity of the 43 grams of metal rod (Bi + Cu) heated, 
together with the small heat capacity of the gas in each bulb, was 2.59 calorics for a 
degree rise in temperature, calculate the temperature rise observed in each bulb. 
Then calculate the difference of level in the arms of the manometer of each bulb; 
given the density of the liquid in each column equal to 1, and the outside pressure as 
76 cm of mercury, assuming the air in the bulb at the temperature of the metal, and 
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the room temperature as 20® C. The density of mercury is taken as 13.6. 
(Note: Remember that in one junction there is a Peltier heating while in the other 
there is a Peltier cooling, as well as a Joule heating in both junctions, and the two 



effects add in one cell and subtract in the other. Do not carry out computations to 
more than two significant figures as the data do not warrant greater accuracy.) 

16. The thermoelectric power of iron is (17.2 — 0.048/) X 10 volts; that of 
copper is (1.34 + 0.0094/) X 10'® volts. Calculate the thcrmoelectromotive force 
for an Fe ~ Cu couple when one junction is kept at 0® C by ice while the other takes 
on the temperature 50®, 100®, 150®, 200®, 250®, 300®, 350°, 400®, 500® and 600°, and 
plot them. The calculation is to be carried out graphically and should not be accu- 
rate to more than three significant figures. What is the temperature of the neutral 
point? 

17. The thermoelectric power of iron is (17.2 — 0.048/) X 10“® volts; that of Ni 
is ( — 21.8 — 0.05/) X 10“® volts. If one junction is kept at 0® C while the other 
takes on the temperatures 50®, 100®, 150®, 200®, 250®, 300®, plot the values of the 
thermoelectromotive force observed. Then give two reasons by comparing this 
couple with those in Problems 16 and 18 why the Ni-Fe couple is admirably suited 
for work between 0® and 300° C. 

18. Given the thermoelectric power for iron as (17 — 0.05/) X 10 “® volts and for 
aluminum as ( — 0.8 + 0.004/) X 10 “® volts, calculate the thermoelectromotive force 
of an Al-Fe couple when one junction is at 0° C and the other junction is at 50®, 
100®, 150®, 200®, 250®, 300®, 350®, 400®, and 500° C. What is the temperature of 
the neutral point? The calculation is to be done graphically and accurate to not 
more than three significant figures, accompanied by plot. 

19. Given a set of 500 small lead storage cells such as used in radio work. They 
have an E.M.F. of 2.2 volts each and an internal resistance of 0.5 ohm. They 
are to be used in a circuit of 10 ohms resistance. What is the most efficient arrange- 
ment of these cells and what current will they give? 

20. In the thermoscope shown in Fig. P20 the current through the system is 25 
amperes. The resistance of the Cu-Bi element in the small bulb is 4.0 X 10“'* 
ohms in each cell. The Peltier coefficient P == 10“* for each element, and the current 
flowed for 180 seconds. During this period there was a quantity of heat developed 
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in each of the two junctions. This heat must be calculated for each junction. Since 
the heat capacity of the 43 grams of metal rod (Bi -f- Cu) heated, together with the 
small heat capacity of the gas in each bulb, was 2.59 c<ilories for a degree rise in tem- 
perature, calculate the temperature rise observed in each bulb. Then calculate the 
difference of level in the arms of the manometer of each bulb, (liven the density of 
the liquid in each column equal to 1, and the outside pressure as 76 cm of mer- 
cury, assuming the air in the bulb at the temperature of the metal, and the room 
temperature as 20° C. The density of mercury is taken as LLb. 

PROBLEMS BASED ON CHAPTERS XIV, XV AND XVI 

1. A, B and C are the vertices of an equilateral triangle, the radius of the circum- 
scribing circle being 10 cm. A charge of +10 E.S.U. is placed at A, a charge of +10 
E.S.U. at B, and a charge of —5 E.S.U. at C. Find the force in magnitude and direc- 
tion on a charge of +2 E.S.U. placed at the center of the circumscribing circle. 

J2. Two identical conducting pith balls of mass 0.51 gram each are susf)ended by 
threads 40 cm. long. On being charged and brought in contact they take positions 
with their centers 20 cm apart. What is the charge on each? 

3. If the pith balls in Problem 2 had been immersed in toluene of dielectric con- 
stant 2.5 what would the distance between them have been? Assume g ~ 980 dynes 
and carry out computations to 2 figures only. Suggestions: the unknown is r == •} 
the distance between balls. Two equations between force and r can be set up from 
which a cubic equation in r results. Solve this equation by successive approxima- 
tions or graphically. 

4. Two light, conducting spheres of mass 1.02 grams each are charged electrically 
by touching them to an electrical machine and then together. When in equilibrium 
they are separated by 30 cm while their suspending threads are 45 cm long. What 
is the charge on each, assuming g = 980? 

5. Compute the force between an electron in a hydrogen atom and the nucleus 
if they are point charges of —4.77 X 10“'® E.S.U. and +4.77 X 10“^” E.S.U. and 
separated by 1 X 10 cm. In the K ring of electrons of uranium having a charge of 
+92 X 4.77 X lO'^^* E.S.U. the K electron having a charge of —4.77 X 10 
E.S.U. is as close as 5 X 10 cm from the nucleus. Calculate the force in this case. 
Then realizing that the force acts on a body which can be considered as having a 
radius 3.5 X lO"^* cm calculate the pressure which the electron would exert in these 
two fields if it could press on some body. 

6. When a swift a particle, a doubly positively charged helium atom of mass 
6.64 X 10“^^ grams, is shot against a massive nucleus of an atom of gold, which can 
be considered as fixed, it approaches to within 2 X 10~^2 before its velocity is 
annihilated and it reverses its direction and separates. The charge on the gold 
nucleus is +79 X4.77 X 10“^® E.S.U. and that on the a particle is +2 X 4.77 X 10“^® 
E.S.U. Since at the point where the a particle starts to retrace its path the potential 
energy equals the kinetic energy which it initially had, one can with the above 
data calculate the potential energy of the a particle at the point of closest approach 
and hence know the kinetic energy of the particle. Determine the kinetic energy of 
the a particle and calculate its velocity in cm/sec. 

7. Calculate the energy in ergs which an electron of charge —4.77 X 10”^° E.S.U. 
acquires in falling through a potential difference of 1 volt, 1000 volts, 200,000 
volts, and 10® volts (the latter potentials have recently been achieved in an x-ray 
tube at the California Institute of Technology). 
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8. Given the mass of the electron as 8.99 X 10 grams and assuming that mass 
does not appreciably change with these velocities calculate the velocities of the elec- 
trons in cm/vsec from the data of problem 7. Note that the velocities obtained in 
the case 10® volt electrons exceed 3 X 10^® cm/sec. This is impossible according to 
relativity and we see that the increase in m should have been included. 

9. A small conducting sphere of radius 1 cm was charged to +6000 volts and 
immersed in nitrobenzol, D = 40. A small sphere with an unknown charge having 
a mass of 2 grams was found to be in equilibrium with the first sphere when rotating 
freely about the first sphere with a speed of 1 cm/sec, in an orbit of 5 cm radius. 
Given the law of centripetal force as / = mv^Jr^ calculate the unknown charge in 
magnitude and tell what its sign is. 

10. Assume that in a solution 2 ions of oppovsite signs are separated by 10 cm 
(this would nearly he true in a gram-molecular solution of NaCl). Calculate the 
force on the ions first in the absence of water (i.e., in empty space or air) and then in 
the presence of the water, dielectric constant 81, if the charge on the ions is 4.8 X 10 
E.S.U. of quantity. Then calculate the forces between ions at 10 cm, at 10 cm, 
and at 3 X 10 cm when the two ions are in contact. (This is about the distance 
between the sodium and chlorine ions in an NaCl crystal.) 

1 1. An cdectric charge of +2000 units is placed on a conducting sphere of radius 
5 cm. The .same charge is later placed on a body having the same capacity, but of 
such a shape that one of the ends has a radius of curvature of 1 cm. The potential 
remains constant. Find the following quantities: 

(a) The potential of the sphere in E.S.U., in volts, and in absolute 
E.M.U. 

{h) Calculate the charge density on the sphere. 

(c) Calculate the charge density on the curved end of the second body. 

(d) How many lines of force per cm^ emerge at the surface of the sphere? 

(e) How many lines of force per cm^ emerge at the surface of the sharply 
pointed body? 

(/) What is the field strength close to the surface of the sphere, in absolute 
units/cm and in volts/cm? 

{g) What is the field strength close to the surface of the pointed body? 

{h) If air can stand a field strength of 30,000 volts per cm before it breaks 
down, will the air break down in either case? 

(i) What would be the force on a unit positive charge 1 cm distant from the 
surface of the 5 cm sphere? 

12. An absolute electrometer has plates 10 cm in diameter separated by 2 mm. 
It is desired to measure potentials of 3000 volts as accurately as possible. If 
weights of 0.001 gram are all that it is convenient to use in the instrument, and 
taking g — 980 dynes, how accurately can the potentials of this amount be 
measured? 

13. An absolute electrometer has plates of 20 cm diameter separated by 0.5 mm. 
It is placed across a DC source of potential and 100 grams are needed to balance the 
applied field. If one gram of weight = 980 dynes, calculate the P.D. in E.S.U. A 
standard voltmeter gave the potential across these mains as 1300 volts. Calculate 
the value of the ratio of the E.S.U. of potential to the E.M.U. of potential. 

14. Given the radius of the earth as 6500 km, and that of the moon as 3400 km. 
Assume that, by the action of the ultraviolet light of the sun on the surface of the 
moon which is unprotected by an atmosphere, the number of electrons that can leave 
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the moon is sufficiently great to give it a potential of +300 volts. The charge on 
the electron is 4.8 X 10“^“ E.S.U. of quantity. With these data calculate: 

(а) The capacity of the earth and moon in cm, in absolute E.M.U. in farads 
and microfarads, assuming the earth and moon each isolated in space. 

(б) Assuming the moon’s surface conducting calculate how much electricity 
would escape to raise it to 300 volts potential in E.S.U., coulombs and in absolute 
E.M.U. 

(f) If the moon were to lose the above charge how much energy would be 
liberated? 

15. The earth’s radius is 6370 km, and that of the sun is 1,395,000 km. The 
temperature of the sun is 6000° C‘, which corresponds to the energy which an electron 
would get by falling through a potential of 0.34 volt. Thus electrons on the sun due 
to their heat motions can leave until the sun acquires a ix)sitive potential of this value. 
Given the charge of an electron as 4.8 X 10“^® E.S.U. Calculate: j 

{a) The capacity of the earth and sun in ems, farads, and absolute E.M.U. if 
they are considered completely isolated in space. 

{h) Calculate the cpiantity of electricity the sun would lose in this way in 
absolute E.S.U., in coulombs, and the number of electrons which would leave the 
sun due to their heat motions. 

16. An electrically charged cloud 1 square km in extent approached to within 
100 m from the earth’s surface when it discharged to a copper lightning conductor of 
resistance 3 X 10 ohms melting 400 grams of copper in the 10“^ seconds of the 
current flow and discharge. The latent heat of fusion of copper is 43 calories per 
gram and the copper was raised from 0° C to its melting point 1100*^ C with a 
specific heat 0.08. Calculate: 

(a) The capacity of the cloud earth system in ems and in farads from the 
dimensions given, assuming the cloud and earth to form a parallel plate con- 
denser. 

{b) The current which flowed for 10“^ seconds and the quantity of electricity 
transferred. 

(c) The potential between the cloud and the earth and from this the sparking 
potential of a lightning discharge in volts/cm. 

17. A condenser such as is used in telephone circuits having a capacity of 1 micro- 
farad was charged to 100 volts. It was then connected to a condenser of 2 micro- 
farads capacity which was at 0 potential. Calculate the energy first in the charged 
condenser and then in the system of the two condensers. How much loss of energy 
was there, and how much were the connections raised in temperature, if they weighed 
2 grams and had a specific heat 0.08 calorie. 

18. Given a 100,000 volt power line. The station has a 20,000-volt static volt- 
meter of capacity 1000 cm. It has also a standard plate condenser that can take 
20,000 volts whose capacity is 4000 cm. Calculate the dimensions of a parallel plate 
condenser, whose plates to stand the potential must be at least 4 cm apart, such 
that the voltmeter can be used, and what the multiplying factor is. Accom- 
pany the answer by a diagram showing how the voltmeter will be fixed across the 
line. 

19. A parallel plate condenser is required capable of withstanding 10,000 volts 
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and having a capacity of 0.1 microfarad. Glass plates 3 mm thick immersed in 
oil giving a dielectric constant 6 will suffice. The glass plates available are such that 
the conducting surfaces of thin copper can be 40 X 30 cm. Calculate how many 
sheets will be needed. (Note in building up a condenser like this if there are n sheets 
of copper w — 1 condenser units will be obtained. Show that this statement is 
correct.) 

20. A water tank having a base area of 1 ni^ is filled to a height of 2 m of water. 
It is allowed to fall through narrow pipes to an empty tank of the same base area until 
the pressure erjualizcs. One hundred “ navy jars,” having a capacity of 0.(X)2 
microfarad each in parallel, arc charged to 3000 volts. They arc then connected 
in parallel to an exactly similar uncharged condenser system. Given g — 980. Cal- 
culate : 


(a) The energy of the water in the full tank and in the two tanks. The loss 
of energy in equalization, and state what became of the energy. 

(b) The energy of the charged condenser systems before and after they are 
combined. Where did the energy difference go? 

21. (iiven the first electric bell dating 
from 1750 illustrated in Fig. P21. In this 
the small insulated sphere A of radius 
1 cm after being touched to the inner ter- 
minal bell-shaped plate C of the condenser 
of capacity 0.001 microfarad, which has a 
positive potential of 10,000 volts relative 
to the bell B, and the outer layer of the 
condenser which is earthed, is repelled 
until it strikes the bell B and is discharged. 
It is then attracted to C until it makes 
contact and repeats the process. The bell 
will keep ringing for a long time. If the 
lorccs arc insufficient for the operation of 
the bell when the potential falls to 2000 
volts, calculate the number of times the 
bell rings. (Note: When the sphere A 
strikes C the capacity of the system is changed and the potential is altered.) 

22. (fiven the electrical system illustrated in 
Fig. F22. is a parallel plate condenser having 
circular plates 4 cm in radius and 1 cm apart used 
in measuring the velocity of gaseous ions. C 2 is 
a cylindrical air condenser of capacity 300 cm., 
and £ is a source of potential of 100 volts. Calcu- 
late: 

(a) the total capacity of the system. 

(b) the potential across C 2 and Ci, for it is 
essential that the potential across Ci be accu- 
rately known. 

23. In a study of discharge through gases ions are created by radioactive deposits. 
The currents are measured by the potential to which a given capacity is raised. In 
some such experiments the capacity used is 300 cm. The potential to which it is 
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raised m 10 seconds is 0.1 volt. Calculate the ion current in E.S.U. and in amperes. 
Could a galvanometer be used for this work? If the charge on an ion is 4.77 X 
E.S.U., how many ions per second constitute this current, if they are all of one sign. 
If each a particle produced 3.5 X 10^ ions, how many a partic les arc emitted from the 
source per second, creating ions which reach the measuring field. 

24. The ionization produced by cosmic rays at the surface of the earth per cm® 
per second is about 2. In a vessel of 1 liter these ions are all swept out by a field. 
The electrode and gold leaf system has a capacity of 2 cm. How many volts does 
the potential on the gold leaf fall in 5 hours? Calculate the current measured by 
this device in absolute E.S.U. and in amperes. How does it compare with sensitive 
galvanometers? Given the charge on an ion as 4.8 X E.S.U. 

25. In a study of currents in gases ions are created by radioactive radiations and 
by cosmic rays. The electroscope used in measurement has an electrical capacity of 
2 cm. Over a period of 1 hour the ions of both signs produced by the radiations in a 
volume of 500 cm® cause a fall of 3 volts in the potential of the gold-leaf electroscope. 
Calculate the ion current in E.S.U. and in amperes. Could a galvanometer be used 
in this work? As ions of both signs take part in the transport of current and each ion 
carries 4.77 X 10 E.S.U. of charge, calculate how many ion pairs were found per 
second. How many ion pairs are generated per cm® per second? 

26. In a study of the velocity of gaseous ions, ions are generated by polonium and 
by means of an auxiliary field and gauze the ions of one sign arc selected. In 10 
seconds time the current of positive ions charges a cylindrical condenser of length 30 
ems, radii of inner and outer cylinders 2.5 and 2.6 cm, with air as a dielectric to 0.05 
volts. Calculate the ion current in E.S.U. and in amperes. If each ion carries 
4.77 X 10 “1° E.S.U. of charge, how many ions pass per second through the gauze? 

27. An electrically charged cloud 2000 m on a side approached to within 100 m 
from the earth’s surface when it discharged to a copper lightning conductor of resist- 
ance 3 X 10“* ohms melting 400 grams of copper in the 1.55 X 10 ■"® seconds of the 
current flow and discharge. The latent heat of fusion of copper is 43 calories per 
gram and the copper was raised from 0° C to its melting point 1100° C with a 
specific heat 0.08. Calculate: 

(a) The capacity of the cloud earth system in ems and in farads from tlie 
dimensions given, assuming the cloud and earth to form a parallel plate con- 
denser. 

(b) The current which flowed for 1.55 X 10"® seconds and the quantity of 
electricity transferred. 

(c) The potential between the cloud and the earth, and from this the sparking 
potential of a lightning discharge in volts/cm. 

28. A condenser such as is used in telephone circuits having a capacity of 2 
microfarads was charged to 1000 volts. It was then connected to a condenser of 
4 microfarads capacity which was at 0 potential. Calculate the energy first in the 
charged condenser and then in the system of the two condensers. How much loss of 
energy was there, and how much were the connections raised in temperature if they 
weighted 0.05 gram and had a specific heat 0.08 calorie? 
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PROBLEMS BASED ON CHAPTERS XVII, XVHI AND XIX 

1. The two vertical wires A and B each one meter long were suspended as shown 
in Fig. P23 with their ends dipping in two troughs of mercury TT, They were 
1 cm. apart. A current of 22 amperes flowed through the two wires when they were 
in parallel (key K closed, switch 5 at P), and 20 amperes flowed through each when 



they were connected in series (switch S at Q, key K open). Taking g = 980 dynes, 
calculate: 

(a) The force in grams between the conductors and the direction of motion when 
in parallel. 

(b) The force in grams between the conductors and the direction of motion when 
in scries. 

2. A and B, Fig. P24, represent 2 exactly equal square coils each 100 cm on a side 
and separated by 5 ems, having their planes parallel and having the same axis per- 
pendicular to their planes. A current of 10 amperes flows through them in exactly 
the same sense. Assuming that with the dimensions given the wires can be treated 



Fig. P24. 


as infinitely long conductors, calculate the force between the coils in magnitude and 
direction, assuming that only the parallel wires act on each other. (From symmetry 
it is obvious that calculation need be made for one element of the coils only and mul- 
tiplied by the appropriate constant.) 
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3. Given an infinitely long wire i carrying 20 amperes 
of current upward (see Fig. P25). It lies in the plane of 
a rectangular area ABCD whose side AB \s 2 cm from the 
wire i and whose side CD is 12 cm from i. The height of 
the rectangle is 30 cm. Calculate the flux in the area 
ABCD due to the current in i. (Note: The flux ABCD 
varies along AD. Thus <pdA must be integrated over ap- 
propriate limits, where ^ is the flux in a small vertical 
element of area dA^ and ip varies with the distance from 
the wire.) What work in ergs would be done by moving 
a conductor 30 cm long carrying 20 amperes from AB io 
CD} 

4. In the Barlow’s wheel experiment there was a uni- 
form magnetic field of 500 gauss over the whole radius of 
the wheel. The radius of the wheel was 10 cm, and 10 
amperes were passed through it. Calculate the force on the 
wheel and the torque which was exerted. 

5. For certain e/m experiments a solenoid 50 cm 
diameter and 400 cm long was used. It was covered 
with a single layer of cotton-covered No. 18 copper wire 
having 7 turns per cm and carried a current of 2 amperes. 

What was the field inside the coil and what was the total 
flux <p} 

6. The radius of the coil in the demonstration experiment of the oscillating ver- 
tical coil (see Fig. P26) dipping into mercury is 2 cms. I'he turns of wire are 1 mm. 

apart. The force between 2 parallel wires 



Fir.. P25. 


2^0 nmi. 


— 2 cm. 


2i(iib 

with currents and ib is /, where I is 

r 

the length of one of the wires. If each cm 
of wire w'cighs 0.01 gram taking g = 980 
dynes how much current must be run 
through the coil to make it oscillate 
against gravity? (While the contact with 
the mercury could for the spring ex- 
tended by gravity at equilibrium be 
broken theoretically by a magnetic force 
of contraction of infinitely small amount, 
in practice the amplitude of oscillation to 
start the coil oscillating and to break 
conUict is more nearly several mm. This 
requires that the force of gravity be prac- 
tically overcome, that is, that each turn 
be just able to life the next turn against gravity and so permit the coil to contract 
by a sufficiently great amount.) 

7. A straight bar of wrought iron 20 cm long whose area is 5 cm* is placed in a 
uniform coil where a field of 100 gauss exists. If the permeability of the iron for this 
field is 2000, 

(a) Find the total flux through the bar. 

(b) Assuming the magnetization concentrated at the end surface find I the 
intensity of magnetization. 


Fig. P26. 
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(c) Find the pole strength of the temporary magnet. 

(d) Find the susceptibility of the iron for this field. 

8. A coil of wire 1 meter long with 1000 turns of wire carries a current of 2 am- 
peres. A bar of iron of area 1 cm* and length 10 cm is placed in its center. If the 
permeability of the iron is 5000, calculate: 

(a) The flux through the volume to be occupied by the iron in its absence. 

(b) The total flux through the iron bar. 

(c) Assuming the magnetism concentrated at the end surfaces of the iron, cal- 
culate the intensity of magnetization 7. 

(d) The pole strength of the temporary magnet. 

(e) The susceptibility of the iron at this field strength. 

9. A cathode ray beam or stream of electrons c of velocity v (Fig. P27), charge e, 
and mass m constitutes an electrical current flowing in the opposite sense to the 



Fig. P27. 


motion of the electrons. The magnitude of the current is ei\ Assume a cathode 
ray beam flowing from left to right and a magnetic field II, perpendicular to the plane 
of the paper in which the current flows, directed into the paper. The force on the 
beam is Ilev, and it can be shown that in the field H the force is always perpendicular 
to the current ev. The electron or cathode ray beam will then be bent into a circle 

mv^ 

of radius p. Since for circular motion the centripetal force is we can write 

p 

Ilev = If the electrons from a filament F have fallen freely through a potential 

P 

of V volts before they enter II, they have a velocity v determined by eV ^ imv^. 
Given V = 1200 volts, II = 11.64 gauss, p = 10 cm,* calculate: 

(a) The sense in which the beam will be curved (up or down in figure). 

e 

(b) The value of v in terms of — . 

in 

e 

(c) Put the value of v into the equation for p and solve for — . 
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{d) Then solve for v in cm/sec. 

(e) Given e =4.77 X 10“^° E.S.U. calculate m the mass of the electron. 

The method outlined above is one in constant use in the study of electrical phe- 
nomena and is used to evaluate m the mass of the electron. 

10. A beam of electrons constitutes a negative current of electricity given by c, 
where e is the charge and v the velocity of the electrons. In a magnetic field II the 
Force is Hev and is always at right angles to the beam so that the electrons describe 
a circular path such that Hev equals the centripetal force p, where m is the mass 
of the electron and p is the radius of curvature of the path. Given an electron beam 
^oingfrom right to left in the plane of the paper and a field II = 15 ganss perpendicular 
to the paper and into it, with 

c = 4.8 X 10-“' E.S.U. 

V — 5 X 10® cm/sec. 

II = 15 gauss. 

tn — 9 X 10 grams. 

Calculate p in cm and illustrate by 
diagram how the path will be curved. 

11. An electromagnet of the de- 
sign shown in Fig. P28 is to be built 
giving 4000 gauss across a gap 2 cm 
long. The area of cross section of 
the iron is to be 100 cm*. The long 
side is 60 cm long, the short side is 
40 cm long. There are to be two 
coils one on each of the 40 cm sides. 

The coils will not stand more than 
4 amperes without overheating. The 
loss of flux in the gap is 25 per cent, 
and p as a function of B is shown 
from the following data: 


B 3506 4000 4434 4980 5340 5801 

p 3100 3200 3110 3000 2900 2750 


Calculate the number of turns of wire 
required. 

12. Given the electromagnet on a 
wrought-iron frame shown in Fig. 
P29. The core has an area of 100 
cm*. The thickness of the iron is 
10 cm. The inner length of the iron 
is 50 cm. The depth inside the 
frame is 30 cm. The air gap is 1 cm. 
Leakage is 20 per cent. The values 
of p for this iron relative to B are 
given as: 


B 3506 4000 4440 5000 5340 5801 

A* 3300 3200 3110 3000 2900 2750 



Fig. P29. 



Fig. P28. 
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If there is to be a single coil which can carry only 3 amperes and the field in the gap 
is to be equal 4000 gauss, what is: 

(a) The reluctance of the circuit. 

(b) The magneto-motive force, and 

(c) The number of turns needed in this case. 

13. An iron bar 40 cm long and 10 cm^ cross section is bent into the shape of a 
horseshoe for the purpose of making an electromagnet which shall have a pull of 
50 kg upon its armature (a bar 12 cm long and 10 cm^ cross section), when it is 1 cm 
away from the poles. Find the ampere turns required if the leakage is 20 per cent. 
The values of B and ^ for the iron are as follows: 

B 5000 9000 10,000 11,000 12,000 13,000 14,000 15,000 

n 3000 2250 2000 1700 1400 1100 825 525 

14. In a transformer of the type depicted in Fig. P30, where the secondary coil II is 

wound on a continuous laminated square iron core 
which also carries the primary coil /, there is a 
magnetic shunt provided by adding a second iron 
pathway indicated by ABA in the figure. When 
the bar B is absent, all the flux in I goes through 
11. When B is in place between AA the flux is in 
part diverted through the path ABA and thus 
reduces the E.M.F. obtained in II. Given the iron 
from betw'een I and II as 50 cm long and 30 cm 
wide inside the frame with an area of 10 cm X 
10 cm cross section, calculate the value of the re- 
luctance of the shunt required to reduce the flux 
in the absence of the shunt (i.e., of B)^ to \ the 
value when B is in place. From the value found, 
design or calculate the dimensions of such a shunt. 
For the iron used, the problem may first be solved 
for the case when n is constant and 2000 in the 
branch II and in ABA whether B is in place or not. 
It may more correctly be solved using /x = 2000 
when B is absent, and = 3000 in II when B is in 
place, while the value of n for B is 3000. 

15. In steel mills they employ powerful electro- 
magnets for lifting pieces of steel and transferring 
them to freight cars. Such a magnet has a length 
of 400 cm, and an area of cross section of 1600 
cm*. It is to lift steel ingots 40 X 40 cm weighing 
1600 kg. When across the magnet the flux runs 
through 100 cm of the ingot. Calculate the value of B required to lift this mass. 
For this value of 5, /x is 500. Calculate the ampere turns required to produce the 
flux, neglecting leakage, and if the allowable current is 80 amperes, calculate the 
number of turns required. 

16. A horseshoe magnet is to be designed to lift a load of 40 kg. on a keeper bar 
the dimensions of which are given as follows, in a magnet of the type depicted in 
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Fig. P31. The length of the horseshoe part is 45 cm. 
15 cm. The horseshoe has a cross section of 5 X 
5 cm. The keeper has a cross section of 5 X 4 cm. 
The air gaps A, A, are each 0.01 cm long. The loss 
of flux is 10 per cent. The coil C cannot take more 
than 1 ampere without overheating. The values of 
B and m for the iron used are as follows: 


The length of the keeper is 


Then calculate the following data assuming the 1— J 

flux through the keeper is confined to an area 5 X 15 ^ 

5 cm at the ends of the magnet. p— L— . 

W 

(a) The induction B going through the keeper LJ_ 

to hold the weight. (Remember that the weight pj^ 

of 40 kg is supported at two poles A and A^ as 

well as that the area of cross section of the keeper is less than the area of the 
entering flux from the horsehoe.) 

{b) The flux 0 through the keeper. 

(c) The values of m for the horseshoe and keeper from B for each. 

(d) The reluctances of the horseshoe, the keeper, and the air gaps. 

(e) The ampere turns recpiired to lift the weight. 

(/) The number of turns required at 1.0 ampere through the coil. 


17. Given the circuit depicted in Fig. P32, with the data required for calculating 

Zi, and Z2 given as follows: 

Length of conductor Zi = 20 cm. 

Area 5X7 cm, M == 300. 

Length of conductor Z2 = 80 cm. 

Area 5X5 cm, ju = 350. 

A shunt Z3 is to be constructed so that 03 
through it shall be 1/10 of 02 the flux through Z2. 
The coil producing the flux through the circuit is 
about Zi and gives a M.M.F. having the values of 
M above for Zi and Z2. About Z3 the following in- 
formation is known. The area of cross section of 
Z3 must be 2 X 2 cm, and with the fact that 03 = 
and that its area is 4 cm* relative to the 
Fig. P32. 35 cm* for Zi the value of B and hence of ju is found 

to be 500. It is then required first to find the value 
of Z3 and then its length so that the diversion of flux required can be made. To solve 
this problem you are given that M.M.F. = 0i(Zi + Z') where Z' is the combined 

. 0s 

reluctance of Z2 and Z3 in parallel, and that M.M.F. = 08Z3, while — = 1/11. 

01 

With these data solve for Z3 and h the length of Z3. 

18. (Note: In solving this problem do not multiply out or divide by x as the values 
of TT appearing should cancel.) A transformer has a continuous iron core of 407r cm 
length, 5 X 4 = 20 cm* area cross section, and a value of = 2000. A primary coil 
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has 50 turns and di amperes is the change of current in dl seconds, as will be seen 
IjcIow. Th(‘ secondary coil has 2 X 10^ turns. The transformer is fed by a 60-cyt'le 
[x;r second alternating current {N ~ 60), i.e., one with T = hor an alternating 

current / -= /o sin whence ^ /o cos which is a maximum when cos 

” = 0, (he time at which sparking occurs. Hence = -7 ia. With these data cal- 


culate: 



{a) The reluctance Z of the transformer. 
d4> 

(b) — in the iron in terms of /o. 
dt 


(c) E in the secondary e.xpressed as volts in 
terms of /o. 

{d) The value of /o in the primary necessary to 
give a potential of IO.OOOtt volts in the secondary 
(i.e., that to give a 1 cm spark in air). 

19. A horseshoe magnet is to be designed to lift a 
load of 200 kg on a keeper bar the dimensions of which 
are given below, the magnet being as shown in Fig. 
I\32/l. The area of contact between keeper and mag- 
net is 7 X 7 cm, which is the area of cross section of 
the horseshoe magnet, for the air gaps /I, /I are only 

0.015 cm long. The keeper is 40 cm long and has an 
area of cross section 7x4 cm. The length of the 
horseshoe is 150 cm. The leakage at the gaps is 20 per 
cent of the flux in the horseshoe. The values of m and 
B for the iron used are given l)elow. C'alculate the ampere turns required. 


Fig. P32T. 
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PROBLEMS BASED ON CHAPTERS XX, XXI AND XXII 

1. A Faraday disc 10 cm radius is rotated at 1200 R.P.M. and develops 2 volts 
E.M.F. What is the strength of the field, assuming it to be uniform over the radius? 

2. A secondary coil of 100 turns is wound about a primary coil of 6000 turns, 
area 5 cm* and length 20 cm. An unknown current is suddenly broken in the pri- 
mary. The ballistic galvanometer with resistance of 100 ohms including the resist- 
ance of the secondary coil indicated that 7.536 X 10“^ coulombs had passed through 
the secondary during the time of breaking. Calculate: (a) The current flowing in 
the primary; and {b) the field existing in the primary when the current flowed. 

3. A coil of 10 turns, with a mean diameter of 1 cm, is connected to a ballistic 
galvanometer, the resistance of the complete circuit being 5 ohms. The coil is placed 
between the poles of an electromagnet initially with its plane normal to the field and 
then quickly turned through 180°. It is noted that 3.1416 X 10“® coulombs of 
electricity pass through the galvanometer. Determine the field between the poles of 
the magnet. 

4. A solenoid, 50 cm long and 1 cm internal diameter, has a total of 1000 turns of 
wire. A secondary of 100 turns is would around the middle of the solenoid and con- 
nected to a ballistic galvanometer. The resistance of the secondary circuit including 
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the galvanometer is 10 ohms. When a current of 5 amperes is made or broken in (he 
solenoid what quantity of electricity is set in motion in the secondary? 

5. Suppose in the last problem an iron rod just filled the solenoid and that the 
permeability of the iron for the field was 300. What quantity of electricity would 
now be set in motion in the secondary when 5 amperes were made, or broken, in the 
solenoid? 

6. A coil of wire 20 cm long with 1000 turns carries a current of J ampere. A bar 
of iron, area of cross section 2 cm^ and length 20 cm is placed in its center. If the 
permeability of iron is 2000, calculate: 

(a) The flux through the volume to be occupied by the iron before it is intro- 
duced. 

[h) The flux through the iron bar when in the field. 

7. The earth inductor shown in the lecture demonstration has 100 turns and a 
radius of 10 cm. Its resistance together with the galvanometer was 50 ohms. If 
3.14 X 10 coulombs of electricity passed in J a revolution, calculate Hr, the 
total intensity of the earth’s field. If the dip was 75°, calculate the horizontal inten- 
sity of the earth’s field. 

8. The earth inductor shown in the lecture has 50 turns and a radius of 20 cm. 
Its resistance with that of the ballistic galvanometer was 100 ohms. If 1.57 X 10 
coulombs were observed to flow on J a rotation, calculate the total intensity //r of 
the earth’s field. If the dip was 70° what was the horizontal component? 

9. In the demonstration experiment a secondary coil of 20 turns is wound about a 
primary coil of 200 turns having an area of 2 cm^ and length 40 cm. A current of 0.5 
ampere is suddenly broken in the primary. 

(a) How many coulombs passed through a galvanometer whose resistance 

w'ith that of the coil was 100 ohms? 

(b) Had a piece of iron /x = 2000, and 20 cm long with an area of 1 cm^ been in 

the coil what would the quantity in coulombs have been? 

10. Given the total intensity of the earth’s field as about 0.4 gauss in a region 
It is to be studied by means of a ballistic galvanometer and an earth inductor radius 
20 cm and 100 turns. The deflection of the galvanometer is read by telescope and 
scale, the scale being one marked in mm is 1 meter distant from the galvanometer. 
The galvanometer and coil have 100 ohms resistance. Calculate the figure of merit 
of the galvanometer to be used in order to measure Hr to 1 per cent if only J revolu- 
tion is to be used, neglecting the damping factor and assuming that the reading 
can be estimated to mm only. 

11. Magnetic fields in solenoids are frequently measured by “ flip coils ” which are 
merely small analogues of the earth inductor worked by a spring and ratchet arrange- 
ment so that they always make J revolution in the same time and can be conven- 
iently automatically released. Such a coil has a radius of 0.5 cm and 500 turns 
of wire with a resistance of 1 ohm, while the galvanometer has a resistance of 19 
ohms. Give the specifications of the sensitivity and figure of merit of a galvanom- 
eter to be used at 1 meter with a scale divided in mm in order to measure fields of 
50 gauss to 1 per cent. The period of the galvanometer is 20 seconds. 

12. In an experiment, a wire is moved along rails across a field from a powerful 
electromagnet, the rails were 10 cm apart. When the wire was moved 2 cm in 0.2 
second a deflection of 20 cm on a scale at 1 meter distance was obtained when 
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X = 10“”^, r = 2 seconds, p was negligible, and R was 20 ohms. What was the 
number of lines cut and what was the average value of II in the region cut? 

13. Five hundred turns of wire are wound on a square frame, the average length of 
each turn being 160 cm. The frame makes 300 R.P.M. about a horizontal axis, 
through its center and parallel to an edge. There is a uniform horizontal magnetic 
field of 10 gauss at right angles to the axis of rotation. The initial position is taken 
when the plane of the frame is normal to the field. The wire on the frame is con- 
nected through ring connectors with an external circuit, the resistance of the com- 
plete circuit being 10 ohms. 

(a) Determine the quantity of electricity set in motion for half revolutions, 
starting from the initial position. 

(b) What is the average current during this half revolution? Will this be the 
average current for an indefinite time the rate of rotation being constant at 
300 R.P.M.? 

(c) Determine the minimum E.M.F. and the maximum E.M.F. in volts, and 
the positions of the frame at the instant these values are obtained. 

(d) Determine the E.M.F. in volts at the instant the frame makes an angle of 
30° with its initial position. 

(e) Find the average E.M.F. and the virtual E.M.F. 

14. A motor has a resistance of 1 ohm and operates on a 100-volt circuit. When 
operating with a current of 10 amperes, what is the back or counter E.M.F.? What 
is the electrical efficiency of the motor? 

15. A motor runs on an applied potential of 110 volts. It draws 4 amperes of 
current and its internal resistance is 2 ohms. Calculate: 

(a) The back E.M.F. 

(b) The power consumed in useful work. 

(c) The efficiency, neglecting friction. 

6000 

(d) If it makes R.P.M. what is the force on a pulley 5 cm radius in Kg? 

TT 

(e) If it were run as a dynamo at the above speed and gave a current of 
2 amperes, what P.D. would there be at its terminals? 

16. A motor is run on 120 volts D.C. It draws 5 amperes and its internal resist- 
ance is 1 ohm. Calculate: 

(a) The back E.M.F. 

(b) The power consumption in useful work if 4.8 ampere go to this work and 
0.2 ampere to hysteresis and other losses. 

(c) Given a current at the operating voltage of 0.2 amperes which goes to 
frictional losses, etc., out of the 5 amperes used. Calculate the efficiency of the 
motor under the given conditions. 

(d) If it makes R.P.M. what is the forge on a pulley of 6 cm radius in kg? 

TT 

(e) If it were run as a dynamo at the above speed and gave a current of 
4 amperes what P.D. would there be at its terminals, neglecting eddy current 
losses? 

17. The secondary of an induction coil with iron removed is to be used as an 
inductance. It has 10® turns a length of 31.4 cm, and an area of 500 cm*. If i = 0.1 
ampere, calculate: 
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(a) The field//. 

(b) The total flux 0 which threads it. 

(c) If the current be broken in 1 sec, the E.M.F. in the 10® turns in E.M.U. 
and volts. 

(d) The self-induction in cm and henrys. 

18. A coil of unknown number of turns n when a current of 0.1 ampere is suddenly 
broken in it due to its self-induction delivers a quantity of 0.2 coulomb through a 
galvanometer of resistance of 1000 ohms. The coil is 31.4 cm long, has no iron in it 
and has an average area of cross section of 500 cm.^ Remembering that when the 
field H due to the current collapses the flux cuts the n turns of the wire to generate 
the quantity 0.2 coulomb, and taking rr = 3.14, calculate n the number of turns of 
wire in the coil. 
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di 

1. The coefficient of self-induction L is defined by the equation E — L-~, Fora 

di 

coil of n turns of length /, area ^1, with permeability /z and a current i amperes in it the 
^ ^ . 4/r niAix , d4> 

change of flux is — — - — . When the current ceases, — = — ; if the change 

10 I dt It 

occurs in r seconds. 'J'he 1^1 M.F. induced in the n turns of the coil by this change 
due to cutting of its own wires will be 

^ ^ 47r wVlju i i di 

10 / T T di 


this expression enables one to calculate L for the coil. Given a coil 20 cm long with 
4000 turns and an area of 10 cm^. In one experiment it has no core, in the other it 
has a core for which the average fx is 4000. Calculate L the coeificient of self-induc- 
tion (a) when iron is absent, {b) when it is present, {c) in how short a time must the 
current be broken to give an E.M.F. of 2 volts? 

2. It is required to have a ballistic galvanometer that will throw a spot of light 
200 mm on a scale 1 meter distant when a quantity of 10 coulombs passes through 
it. The dam})ing on successive swings to the right should not be more than in the 
ratio of 21/20, and the period must exceed 2 seconds for a complete swing. Cal- 
culate the figure of merit and sensitivity of the galvanometer in megohms so that in 
going over the catalogues you would be able to order the proper galvanometer. 

3. A parallel plate condenser of area 3140 cm* and a plate distance of 0.02 cm 
achieved by a thin plate of mica of dielectric constant Z? = 6 is charged to a potential 
of 100 volts. On divseharge through a ballistic galvanometer of figure of merit 
k = 4.175 X 10“^, with a period of 8 seconds, this gives a deflection of 15.7 cm cor- 
rected for damping. 


(a) Calculate C the capacity in E.S.U. 

{b) Calculate Q the charge on the condenser. 

(c) Calculate C the capacity in absolute E.M.U. 

C in E.S.U. 


{d) From the ratio of the values of - . „ , , 

C in E.M.U. 

of capacity in the E.M. and E.S. system 


obtain the ratio of the units 


( . C e.m.u.X 
Ce.s.u./* 


Take ir = 3.14 and 
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note that this method is one of the methods of obtaining the ratio of the E.S.U. 

and E.M.U. 

4. Given a circular iron ring of mean length 100 cm and area of cross section of 
the iron 10 cm*, having a coil of 1000 turns and /z = 4000. Calculate the self-induc- 
tion of the coil. If the coil be closed through a ballistic galvanometer so that the 
resistance is 10 ohms what quantity of electricity will flow on breaking a current of 
2 amj^eres? 

5. An E.M.F. of 30 volts is applied to a coil of 3 ohms resistance and 0.5 henry 
inductance. 

(a') What is the time constant of the coil? 

ib) What is the current in the coil 0.01 sec; 0.1 sec; 1 sec; 10 sec after the 

E.M.F. is applied? 

6. A coil, without an iron core, used on the lecture table, has a resistance of 1.6 
ohms and an inductance of 33 millihenrys. Determine the “ reactance " and the 
“ impedance ” for an alternating current of 60 cycles. If a 60-cycle alternating 
E.M.F. of 110 volts is applied to the coil what current will be obtained? If the core 
is introduced the self-induction is 3 henrys. What arc the values of the quantities 
in the presence of the core? 

7. The resistance of the carbon filament lamp used for the demonstration of the 
effect of capacity on a circuit may be assumed constant in what follows and equal to 
100 ohms. One hundred and ten volts alternating potential of 60 cycles are applied 
across the lamp and condenser in series. When the capacity is 10 microfarads and 
1 microfarad, calculate: 

(a) The current through the lamp in each case. 

{b) The angle of phase lag in each case in degrees. 

8. A voltmeter-ammeter reading was taken on an alternating E.M.F. of 60 cycles 
applied to a circuit with self-induction, resistance and capacity. The y^tmeter 
read 100 volts; the ammeter read 5 amperes. A wattmeter in the saiW^circuit 
read 200 watts. What was the power factor and the angle of phase lag in the circuit? 
If the capacity was 5 microfarads, the resistance was 100 ohms, calculate the value 
of L the coefficient of self-induction of the system. 

9. (}iven an alternating P.D. of 158 volts amplitude, applied to a circuit having a 
coefficient of self-induction L = 2 henrys, a frequency of 60 cycles and a resistance of 
2407r ohms. Calculate: 

(a) The vM’rtual voltage. 

{b) The angle of phase lag. 

(c) The virtual current and impedance. 

(d) The power factor. 

10. A coil has a coefficient of self-induction of 2 henrys. If it has 10 ohms resist- 
ance and is suddenly attached to 100 volts, what is the current .01, .1, 1.0, and 10 
seconds after the switch is closed? Were a current of 1 ampere suddenly interrupted 
and the coil connected to a galvanometer, what would the current read .01, .1, 1.0, 
and 10 seconds after the circuit was broken? 

11. A ballistic galvanometer to be used with an earth inductor giving quantities 
of the order of 10“^ coulombs is needed. The periods of such instruments are of the 
order of 4 seconds, and the damping is such that on two successive swings to the same 
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side the amplitudes are in the ratio of 51/50. Calculate the figure of merit and sens 
tivity in megohms of a galvanometer to be used for the above purpose so that it wi 
give 100 mm deflection on a scale 1 in distant for 10~' coulombs. 

12. In a certain exj^irinient where high resistances arc needed ihcvse are made b 
drawing an india ink line on some suitable backing making contact with two mete 
leads. Such a resistance was made and its value was measured using the time c 
discharge of a condenser of 1 microfarad. When the condcn.ser was charged to 
suitable potential and discharged at once the throw was 20 cm. After short-cii 
cuiting the condenser for 20 seconds through the india ink resistance for the sam 
initial charge the throw was 15 cm on the scale. Calculate the resistance R in ohms 
If 10® ohms are called 1 megohm calculate the resistance in megohms. 

13. Given a circuit with 2 henrys self-induction. How long after closing a switc 
will it take with a resistance of 20 ohms before the current has risen to 50, 90 and 9 
per cent of its full value? 

14. Given a P.D. of 141.6 volts amplitude applied to a circuit having a coefiicien 
of self-induction L of 1 henry, a frequency of 60 cycles, a capacity of 0.5 microfarad 
and a resistance of 200 ohms. Calculate: 


(a) The virtual voltage. 

(h) The impedance and virtual current. 

(c) The angle of phase lag or advance, stating which. 

(d) The power factor. 

15. A given A. C. circuit has the following constants, a capacity Cof 10 microfarat 
a resistance R of 82 ohms, a period factor p of 360, an unknown self-induction / 
An ammeter-voltmeter reading gave 120 volts and 1.465 amperes. A wattmete 
reading of the same circuit gave 120 watts. Calculate: 

(a) The power factor. 

(b) The angle of phase lag and its tangent. 

(r) From the tangent of the angle of phase lag, assuming that there is a la 
not an advance (i.e., is negative) calculate L the unknown self-induction. 


16. Given an A.C. circuit having a resistance R = 82 ohms, a capacity C of 1 
microfarads, a period factor p of 360, and self-induction L of 1 henry. Calculat 
the following data: 


(a) The impedance and reactance. 

ih) The virtual current if the impressed virtual voltage was 120 volts. 

(c) The angle of phase lag. 

(d) The power factor. 


17. Radioactive substances decay according to a law Nt == where / i 

the time in seconds, X is the constant characteristic of a given change, Ni is the nun: 
ber of atoms at a time / and No is the initial number of atoms at / = 0. The rate c 
growth of the resultant substance is Ne = Noo(l — where Nao is the ultimat 

number of particles after all the parent substance has transformed. X for radium i 
1100 (years'^). If radium changes at this rate to emanation and emanation undei 
goes change to radium A, B, C and D at rates far greater than the rate of change c 
radium, the amount of radium transformed in a year will have undergone practicall 
complete change to D in this time. In the changes involved from Ra to RaD ho^ 


many a particles are given off? Starting with 1 gram of radium having 


6.06 X 10= 
226 
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atoms how many atoms undergo change in the course of a year? If each of these 
gives the same number of a rays, compute how many mm^ of lie at N.T.P. (number of 
atoms in 1 cm® = 2.705 X 10^® at N.T.P.) are formed from a gram of Ra in a year? 
Check this value against that computed from the fact that 1 gram of radium gives out 
1.36 X 10^' a particles per second, in its change to RaD. The discrepancy shows the 
range of errors in the measurement of the life of radium and in the number of a par- 
ticles per second. 

18. Scintillation counts show that 1 gram of radium produces 1.36 X 10^^ a 
particles per second. Rutherford let the fraction of a particles from 10 mg of radium 
that entered a cone of 1 cm in diameter at 10 cm distance fall on a Faraday cylinder 
in vacuum connected to an electrometer, the capacity of the system being 100 cm. 
It was observed that the electrometer indicated a charge of 2.43 volts in 16 minutes 
and 40 seconds. Calculate the charge on an a particle. If the electron has a charge 
of 4.77 X lO""^® E.S.U., what multiple of this charge does the a particle carry? 

19. In the thorium series of disintegrations, given the following sequence of 
changes: 

Th a Meso Thl /3 Meso Th2 /3 Radio Th a ThX a Th Em a Th A a Th B jS Th C Th 
C' a Th D. If thorium falls in Group IV (the lead group) and in the 7th period 
having an atomic weight 232, deduce the chemical behavior of the transformation 
products down the chain and deduce the atomic weight of Th D as well as its chemical 
behavior. 

20. Given the atomic number of rubidium as 37. Construct a rough diagram of 
the atom showing the disposition of electrons in levels, and giving approximate 
dimensions of the various quantities entering in. Do the same for iodine, I, atomic 
number 53. On this basis interpret the electrochemical behavior of Rb and I. 

21. Calculate the wave lengths of the following radiations from the potential 
through which an electron must fall to generate them. Given h == 6.56 X 10 
erg sec, and the electronic charge as 4.77 X 10“^® E.S.U. 

2537 A mercury line 4.9 volts 

Ka line of carbon 288 volts 

Ka line of tungsten 57,200 volts 

Ka line of uranium 99,500 volts 

Millikan’s hard x-rays 750,000 volts 

7 rays RaC very hard 1.79 X 10® volts 
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TABLE OF UNITS 


Entity 

Fundamental or Derived 

Defined by the 
Following Equation 

Dimensions 

Electromagnetic 

Unit 

CiJRRp:Nr Fundamrntal: 
Comes from Electro- 
Magnetic System 

tds 

l-ri 

ds — normal to r 
r — distance 

1 =• current 
/ — force on unit 
magnet pole 

In E.M System, 

In E S. System, 

/ = 1 when 
ds — 1 cm normal 
to r 

r — 1 cm 

7 — 1 dyne on unit 
pole 

Also 

f=tin 
i - 1 when 

1 = 1 cm /—I dyne 
// = 1 gauss 

Large 

OUANTITY Fi;NI)AMKNTAI- 
Comes from Electro- 
static System 

, 

7 arul //' — quantities 

/ = force between 
them 

r — distance 

P = dielectric * 

const 

In E \I. System, 

In E S System, 

7- .V/J'-'L'-'y > 

7 - tl 

7—1 when 
; - 1 E.M.U. 

/ = 1 second 

Large 

I’OTKNTIAL 

Fundamental 

C'omcs from work in 
cither system 

ir = 7 XPD or 
ir=p D 1/ 
ir-Work 
<7 — Quantity 

I = Current 
/ — Time 

P.D — Potential 

In E M System, 

P D - 2 

In E S System 

P.D.-*l/''-’L^-’7’ 1 

P D — 1 when 

7-1 E M U. 
ir — 1 erg 

d4> 

lines force cut 
by conduct/ir 
per sec 

d<i, 

P D. — 1 when - 1 

dt 

Small 

Resistance Derived: 

From E M. System A 
constant of the circuit 
shape, and material 

P D 

R- -r- 

f 

R =* Resistance 

P D. — Potential 
i — Current 

In E M System, 
R-Lr 1 

a velocity 

In E.S System 
R-L-iP 

a reciprocal 
of velocity 

R-P D , » 

R = 1 when 

P D = 1 E M U 
/ - 1 E M U 

Very small 

Capachy Derived: 

From E S. System A 
constant of the shape and 
material surrounding cir- 
cuit 

C — Capacity 
q — Quantity 

P.D. — Potential 

In E M. System, 
r = L-ir2 

In E S. System, 

C^L 

Unit is the cm 

f ' — 1 when 

7 = 1 E M U 

P D.= 1 E.M.U 

Very largo 

Sele-Indi ction 

Derived: 

Defined from E M. sys- 
tem A constant of circuit 
depends on shape and 
magnetic media involved 

P.D. — Potential 
generated 
di 

^ ■ — rate of change 
of current 

L — Coefficient of 
self-induction 

In E.M System, 

L-L 

Unit is the cm 

In E.S System, 

L-L ir2 

di 

P.D.-L^ 

L—l when 

P D -1 E.M.U. 
di 

--—1 E.M.U. /'sec. 
dt 

Very small 
the cm 
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Electrostatic Unit 

Practical Unit 

Relation 

Between E.M.U. 
and E.S U. 

Relation 
Between E M U 
and Practical 

Relation 
Between E.S.U 
and IVactical 

. y 

/ 

» = 1 when 

E.S.U. 

/ »« 1 sec. 

Ampere defineil 
as 0. 1 of E.M .U 

1 E.M.U. 

= 3X10‘o E S U 

1 E.M.U. 

= 10 amperes 

1 Ampere 
= 3X10* E.S.U. 

Small 





^ IJr'i 

5=1 when 

5 = 5' 

r = 1 cm 
l)=l 

/= 1 dyne 

('oulomb de- 

fined as 1 ampere 
for 1 sec or as 0 1 

E M U of 5 

1 E M U. 

= 3 X10‘o E S U 

1 E M U 
= 10 Coulombs 

1 1 oulomb 

=- 1X10* E S U. 

wSinall 





ir = p U.X5 

P D = 1 when 
ir=« 1 Erg. 

5 = 1 E S U 

Volt delined as 
10« abs R M U 

1 E S U 

= 3X10i« E M U 

1 volt 

= 10» EMU 

1 K S U 
= 300 volts 

Large 





/J-P DA 
/? =a 1 when 

Ohm defined as 

1 E S U. 

= 9X1020 E.M U 

1 Ohm 

= 102 emu 

1 E S U 

= 9XlO»i Ohms 

P D = l E S.U 

1 = 1 E S U 

V(»lts 




Very large ^ 





^ "" P U . 

C = 1 when 
P.D.-l E S.U. 

5=1 E S.U. 

Farad defined 

coulombs , 

as far- 

volts 

ads. 

Common unit 
the microfarad * 
10"* farads 

1 E M U 

9X1020 E.S.U. 

1 E M.U 
= to* farads 
= IQis rnicnifarads 

1 farad 

= 9X1011 E S U. 
= 9X1011 cm. 

1 mierofaratl 
= 9X10® cm 

1 micro microfarad 
= 0.9 irn 

Very small the cm 



dl 

Z, *» 1 when 
P.D.«1 E S U. 

~=1 E S.U./sec 
(it 

Henry defined 
volts 

as “ 

amperes/sec 

henrys 

1 E.S U, 

= 9X1020 E M.U 

1 henry 
= 10* E M.U 
= 10* cm 

1 millihenry 
= 10-2 henry 
= 10® cm 

1 micro henry 
— 10-® henry 
= 1000 cm 

1 K S U 

= 9X1011 henrys 

Very large 
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A 

Absolute E.M., definition of potential, 
98, 242, 400 

— electrometer, 136, 191, 382, P12, P13 

— measurement of potential difference 

in E.M. system, 99 

of current by tangent galva- 
nometer, 92 

— potential, electrostatic, 186 

difference, measurement of, 135 

— system of units, 38, 67, 400 

Absorbed light and intensity of photo- 
electric emission, 328 

Accumulator of electricity, 21, 205 

Acid cell, 154 

Action, quantum, unit of, 43, 69, 320, 
326, 332 

Advantages of photocells in light inten- 
sity measurement, 338 

Air gaps: effect of, 237; in magnetic 
circuits, 232 ; leakage caused by, 
236 

Alkali metals, 27; and photoelectric cur- 
rent, 329 

hydride photocells, 339 

Alpha particle: charge carried by, 314, 
398, P18; energy of, 381, P6 

— particles, disintegration by, 317 

— rays, 43; production of helium by, 314, 

397, P17 

Alternating current, sinusoidal, average 
square, 288 

calculations, 396, 397, P9, P14, 

P15, P16 

circuit; average power consump- 
tion in, 298; effect of capacity 
on impedance of, 294; power 
consumption in, 298; vector dia- 
gram for, 292; with self-induc- 
tance, capacity and resistance. 


Alternating current, dynamos, 249 

instruments, 287; deflection of 

proportional to square of cur- 
rents, 127, 287 

phenomena, self-induction in, 263, 

289 

voltmeter or ammeter, 127 

— currents: I, definitions, root mean 

square, average, and effect of 
self-induction, 284; II, effect of 
capacity on alternating current, 
and effect of capacity and self- 
induction combined, electrical 
oscillations, 293; importance of, 
284; measurement of, 127, 132, 
173, 283 

— E.M.F., effect of self-induction on, 

289 

— potential, phase of defined, 285, 287 

— potentials, measurement of, 127, 136, 

191, 195, 287 

Alternative definition of unit current, 86, 
211 

Ammeter: alternating current, 127; hot 
wire, 132, 133; voltmeter meas- 
urement of power, 138 
Ammeters, 124, 127, 132; calibration of, 
126; extension of range of, 127; 
requirements of, 125; shunts for, 
127 

Ampere, the, defined, 87, 400 

— turns, 230 

needed to give flux, 232 

Ampere's law, 29, 85; applications of, 87 

— molecular currents, 225 

— rule^^5- 

Amperes, virtual, 289, 298 
Amplification of oscillations, 360 
Amplifying action of three-electrode 
tube, 358 

— circuit for photocell, 340 
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Amplifying factor, 357, 358 
Amplitude of oscillations, 285, 287 
Analogy, water, of electricity, 94 ff., 197, 
3(K) 

— between electrical and magnetic cir- 

cuits, 229 

Angle, phase, 296, 297, 305 
Anode, defined, 141 
Apparent watts, 138, 299 

— work function, 329, 335, 345 
Apjdicalion of Ampere’s law, 87 IT. 

KirchholT’s laws to Wheatstone 

bridge, 114 

— to earth inductor, 243 
h'araday's divsc, 246 

secondary coil about a primary in 

which the current changes, 244 
Arabic numerals, 5 
Arabs, scientific contributions of, 4 
Arc, 312; at break in induction coil, 267; 
carbon, 29 

Arcs, Poulson and Chaffee, 361 
Arrangement of cells, efficient, 161 
Artificial disintegration of elements, 317 

— transmutation, inefficiency of, 317 
Astatic galvanometer, 124, 125 

— - needle, 28 

Atom: diameter of, 317; general struc- 
ture of, 318; Rutherford’s j)ic- 
ture of, 225 
Atomic diffraction, 46 

— heats, 330 

— nature of electricity, 39, 141 

— nuclei, constituents of, 317 

— nucleus, 144, 317; size of, 317 

— ~ number, and nuclear charge, 144, 317 

— period, 42 

--structure, 314; and conduction in 
solution, 144; and quanta, 326 

— vibrators, charged, 319 

— w’eight and chemical behavior, 315 

changes in disintegration, 314, 315 

Atoms: artificial disintegration of, 317; 

charge carried by, in solution, 
142; dynamical stability of, 
144 ff.; electronic currents in, 
225; light emission by in dis- 
charge, 312; number of electrons 
in, 144, 317 

Attracted disc, electrometer, 136, 191 


Attraction and repulsion, electrical, 18, 
20, 174 

Audion detector, 355 

Average A. C. current with capacity, 296 

— IX)wer consumption in A. C. circuit, 

298 

— square of current, 288 
Avogatlro’s rule, 39, 141, 143 

B 

B battery eliminators, 354 
Back electromotive force, 253 
Balance, torsion, 23, 64, 179 
Ballistic galvanometer, 136, 244, 269 ff., 
280, 395, 396; accurate equation 
for, 274; equation of, 271; for 
high resistance measurement, 

136, 280; specifications of, 395, 
396, P2, Pll; transient phe- 
nomena studied by, 269 

Bar “wobbly,” 367, P3 
Barlow’s wheel, 217, 387, P4 
Barnett experiment, 226 
Batteries, 149 ff. 

Battery, bias, 358, 362; lead storage, 
158 

Beginning of experimental science, 6 
Bell, electrical, first, 22, 384, P21 
Bertrand, Maxwell, Faraday, proof of 
inverse square law, 182 
Beta rays, 314 
Bias battery, 358, 362 
Bifilar susf)ension, 78 
Biot and Savart's law, 28, 87 ff., 216; 
proof of, 89 

Black body radiations, 326 

Bohr magneton, 226 

Boltzmann constant, 344 

Boxes, starting, 257 

Boy's radiomicrometer, 173 

Brake, Prony, 254 

Braun electrostatic voltmeter, 193 

— tube oscillograph, 245, 281; see also 

Cathode ray oscillograph 
Break of circuit effective in induction 
coil, 266 

Breaking circuit, unknown time of, 245 
Bridge, Wheatstone, 33, 114 ff., 116, 136, 

137, 343; use of, 116 
and Kelvin, 136 
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C 

Calculation: of E.M.F, of cell, 156, S79, 
Pll, P12, P13; of flux in mag- 
netic circuits, 232, 389 ff.; of 
magnitude of induced E.M.F., 
241; of vself-induction, 262, 395, 
PI; of theniial E.M.F'. ’s, 168, 
380, PI 6, PI 7, P18; of transient 
phenomena, units used in, 281 
('alibration, importance of, 138 

— of voltmeters and ammeters, 126 
Calorimetric measurement of potential 

dilTerence, 100 

resistance, 136, 137 

C'anal rays, 42, 316 

(Capacities, of spherical, parallel plate 
and concentric cylindrical con- 
densers, 199 IT. 

— in parallel, 208 

— in scries, 208; potential distribution 

between, 209, 383, P18, 384, P22 
Capacity, 36, 37, 38, 197 If., 399; 

advances phase, 280, 296; aver- 
age A. (2. current with, 296; 
definition of, 37, 197; divided, 
363; efl'ect of on impedance of 
an A.C., 294; effect of on tran- 
sient phenomena, 277; meas- 
urement of current by, 133; 
ratios of units of, 198, 395, P3, 
401 ; resistance, and self-induc- 
tion in an A.C'. current, 297; 
role of, in electrical oscillations, 
300; units of, 197, 401; use of 
in high resistance measurement, 
136, 280; use of to prevent arc- 
ing, 267; uses of, 205 

— impedance, 296 

— reactance, 296 

Case where self-induction, capacity and 
resistance are present, 297 
Cathode defined, 141 

— ray or Braun tube oscillograph, 245, 

281 

— rays, 307 ff.; determination of elm 

for, 308, 309; magnetic deflec- 
tion of, 388, P9, PIO 
Cautions in electroplating, 157 
Cell, 26, 83, 149 ff.; acid, 154; calcula- 
tion of E.M.F. of, 156, 379, Pll, 


P12, P13; chemical energy con- 
sumed in, 157; concentration, 
152; copj^er or Daniell, 153; 
dry, 160; Edison, 158, 160; 
galvanic, 23, 26, 83, 94, 149 ff.; 
standard, 139, 161; storage, 158; 
Weston, 139, 161 

(ells: E.M.F. of, 156, 379, IMl, P12, 
P13; efficient arrangement of, 
161; non-i)olarizing, 156; polar- 
ization of, 27, 155; reversibility 
of, 158; storage, water used in, 
160 

— in series, parallel connection, 162 
('entimeter: of self-induction, 261, 400; 

unit of capacity, 198, 400 
('. (i. S. system, 64 

( 'hange of energy on sharing charge, 206 
Characteristic curves for thermionic 
emission, 343 

three-electrode tube, 359 

( haracterisiics of two-electrode tube, 
352 

C'harge: distribution of on irregular 
conducting surface, 190; mass 
ratio of cathode rays, 308; nega- 
tive space, 328, 349 ff.; nuclear, 
and atomic number, 144, 317; 
number of lines of force from, 
184, 189, 192; of condenser, 

time rate of change of, 277; of 
electron, 43, 311, 313; on con- 
denser, energy of, 205; on nu- 
cleus, 144, 317 

— and discharge of condenser, currents 

with time on, 280 

— carried by alpha particle, 314, 398, 

P18 

atoms in solution, 142 

— density and its consequences, 188 
Charged ato nic and molecular vibrators, 

319 

— conducting sphere acts like point 

charge, 189 

— surface, force on in field, 192 
Charges, of alpha and beta rays, 314; 

separation of in molecular di- 
poles, 202 ; space, 328, 349 ff. 

— and fields, static, 174 
Charging by induction, 19, 37, 175 
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Chariot, south-seeking, 150 
Chemical energy consumed in cell, 157 

— reactivity of atoms, 144, 318 
Chemistry of the radioactive elements, 

314 

Chinese records of magnetism, 50 
Chlorine, two atomic weights, 316 
Choke coil, 353, 363 

Circuit, A.C., average power consump- 
tion in, 298; Colpitts’, 363; 
Hartley, 362, 364; magnetic, 
229 ff. ; shape of, and self- 
induction, 262; time constant 
of, 276; tuned grid, 364 

— coupler, 205 

— for charging and discharging con- 

denser through resistance, 277 

— with resistance, capacity and self- 

induction, 301 

— with self-induction and resistance, 

transient phenomena of, 274 
Circuits: house lighting, 375, P9; using 
photocells, 340 

Classical energy distribution, 330 
Coefficient: Peltier, 168; of mutual in- 
duction, 258; of rigidity, 80; 
of self-induction, 260 ff.; of tor- 
sion, 80, 122 
Coercive force, 222 

Coil: choke, 353, 363; induction, 266; 

oscillating, 218, 387, P26 
Colpitts' circuit, 363 
Combination of capacities in series and 
parallel, 208 

resistances in series and parallel, 

107 

Commutator, 218, 250 
Comparison of resistances by Wheat- 
stone bridge, 137 

Compass, discovery of, 49; function of, 
53; gyrostat ic, 80; in naviga- 
tion, 50; magnetic, 80 
Compton effect, 14, 45 
Concentration cell, 152 
Concentric spheres, capacity of, 199 
Concept: of electrical resistance, 101; 
of magneto motive force and 
definition of reluctance, 229; of 
potential, 94 

Condenser, charge on at any time, 278, 


279; cylindrical, 203; energy 
of charge of, 205; parallel plate, 
202 ; oscillatory discharge of, 36, 
38, 41, 301, 361; spherical, 37, 
199; spherical, capacity of, 199; 
time rate of change of current in 
charging, 277; use of, to prevent 
arcing, 267; uses of, 136, 205, 
267, 280 

Condensers, change in energy on sharing 
charge of, 206 

— in parallel, 208 

— in series, 208 

Conducting surfaces are equipotential, 
187 

Conduction, electrical, 20, 105, 144, 175; 
electrical velocity of, 21; heat, 
31; ionic, 105, 146, 148, 191, 311; 
types of, 105, 140, 144, 166, 311 

— in gases, gaseous ions, 311 

solution, and atomic structure, 144 

Conductivity, electrical, 30, 105; of 

crystals, 140; super-, 106 
Conductor, carrying current in magnetic 
field, direction of motion of, 215 
Conductors, forces between, 216, 217, 
386, PI, P2; liquid I, 140; liquid 
II, 149; metallic and non- 
mctallic, 105; parallel, forces 
between, 216 

Consequences of high electron densities, 
332 

induction, 177 

C'onsequent poles, 59 
Conservation of energy, 39, 188, 240 
Constant, Boltzmann, 344; decay, of 
radioactive substances, 314; di- 
electric, 41, 69, 145, 179, 200; of 
circuit, time, 276; of galvanom- 
eter, 92, 122 ff., 270; of tangent 
galvanometer, 92; torque, 79, 
122; torsional, 80 
Constants, thermionic, 347, 348 
Constituents of atomic nuclei, 317 
Contact potentials, 322, 325 
Controlled quantitative investigation, 3, 
8, 67 

Conventional representation of field of 
force, 82, 184 

Conventions, magnetic field, 76, 82 
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Copern ican theory, 7 
Copper cell, 153 
Corpuscular nature of light, 45 
— theory of light, 44 
Corrosion, electrolytic, 148, 379, P8 
Coulomb, the, 87, 182, 400; defined, 
87 

Coulomb's, law, 23 flf., 63 ff., 67, 179 ff., 
185 ff., 200, 317 
Coupler of circuits, 205 
Coupling coils, 362 
Cross, thermal, 173 
Crystal diffraction gratings, 319 
Crystals, conductivity of, 140 
Current, 20, 28, 81 ff., 104 ff., 112 ff., 
132 ff., 183, 240 ff., 274 ff., 284 ff., 
294 ff., 400; A.C. average, with 
capacity, 296; A.C., effect of ca- 
pacity on impedance of, 294; ab- 
solute measurement of, by tan- 
gent galvanometer, 92; action of 
self-induction and capacity on 
phase of, 280; alternating, aver- 
age value of with induction, 291; 
alternating, value of by measure- 
ment, 289; average squared, 288; 
decay of, with self-induction and 
resistance, 277; definition of, 86, 
121, 183, 211, 400; definition of 
in E.M. system, 86, 121, 211, 
400; definition of in E.S. system, 
183, 400; definition of unit, 30, 
86, 183, 400; E.M.U. of, 86, 211, 
400; E.S.U. of, 183, 400; electro- 
magnetic production of, 34, 
240 ff., 24811.; instantaneous 
with self-induction, capacity and 
resistance, 297 ; heating effect of, 
33, 99, 102; legal standard of, 
133, 139 ff., 144; magnetic effect 
of, 27, 28, 84; magnetic field of, 
84, 215 ff.; measurement of, 92, 
109, 121, 132 ff., 148, 173, 205; 
measurement of, by capacity, 
133; no-flow method of measur- 
ing, 133; phase advance or lag, 
292, 296; photoelectric, and fre- 
quency of light, 329; potential 
characteristic of thermionic 
emission, 348; practical unit of, 


86, 400; ratio of E.S.U, and 
E.M.U., 183, 401; rise of in cir- 
cuit with self-induction and re- 
sistance, 276; saturation, 311, 
323, 328, 343, 349. 351; ther- 
mionic, potential variation of, 
351; time variation with capac- 
ity, 279; transient, with self- 
induction and resistance, 274; 
unit, definition of, 85, 86, 121, 
183, 211, 400; work done in 
moving, in magnetic field, 211 

Current, flow: at a point in a circuit, 
112; steady state of, 113 

— on charge and discharge of condenser, 

279 

— fx'riod, 25 

— versus grid potential for different 

plate voltages, 359 

plate voltage for different grid 

potentials, 359 

Currents: damping by eddy, 264; eddy, 
263; electric, and resistance, 104; 
electrical, sources of, 84; elec- 
tronic in atoms, 225; from 
stiitic charges, 20, 83, 183; high 
frequency, alternating, meas- 
ured by thermal cross, 133, 172; 
importance of alternating, 284; 
induced electric, 240; measure- 
ment of by electrolysis, 148; 
radio frequency, measurement 
of, 133, 172; rectified, and po- 
tentials, 354; saturation in gases, 
311; small, measurement of, 
205, 385, P23, P24, P25, P26; 
thermionic, negative and posi- 
tive, 341; thermionic emission, 
calculation of, 347; two parallel, 
forces between, 216 

— squared, deflection proportional to in 

A.C. instruments, 127, 287 

Curvature: of path of cathode rays, 309; 
radius of, and charge density, 
190 

Curve: of damped oscillation, 272; of 
magnetization and hysteresis, 
221 

Curves, characteristic, of thermionic 
emission, 343 
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Cutting lines of force, production of 
E.M.F. by, 242 

(Cylinder, charged, field strength at r cm 
from, 203 

Cylindrical condenser, 203 
D 

Damped oscillation, 272, 305, 361; curve 
of, 272 

Damping, 272; by eddy currents, 264; 
effect of on transmission of sig- 
nals, 361; factor, 272, 305; of 
galvanometer, 265 

— correction, how measured, 274 

Daniell cell, 153 

Dark Ages, 4 

D’ Arson val galvanometer, 121, 378 

PI, P5 

Dead center of motor, 218 

Decay constant of radioactive sub- 
stances, 314 

--- law of radioactive substances, 314 

“- of current, with capacity and resist- 
ance, 280; with self-induction 
and resistance, 277 

Declination, magnetic, 81 

Decrement, 273 

Defining electrical equations, 400 

— equation, 68 

Definition : of anode, 141 ; of capacity, 37, 
196 IT. ; of capacity and the 
units of capacity, 196; of 
cathode, 141; of current, 86, 121, 
183, 211, 400; of current and 
work done in moving a con- 
ductor in a field, 211; of current 
in E.S. system, 183; of E.M.F., 
109, 156, 251; of electrical en- 
tities, 400; of electrical field 
strength, 183; of electrical power 
consumption, 100; of electrodes, 
141; of electromagnetic, elec- 
trostatic and practical units, 
400; of gram atom equivalent, 
143; of magnetic flux, 82, 211; 
of potential in absolute E.M. 
system, 98, 242; of potential on 
absolute E.S. system, 185, 400; 
of quantity, 87, 182, 400; of 
resistance, 101, 104; of self- 


induction, 260; of the ampere, 
87, 400; of the coulomb, 87, 400; 
of the farad, 198, 400; of the 
henry, 261, 400; of the ohm, 101, 
400; of the proton, 148; of the 
volt, 99, 242, 4(X); of unit current, 
30, 85, 86, 121, 183, 400; of unit 
electromagnetic quantity, 87, 
400; of unit electrostatic quan- 
tity, 182, 400; of unit pole, 63 

Definitions of alternating current terms, 
285 

Deflection A.C. instruments projjor- 
tional to square of current, 127, 
287 

Degenerate electrons, 167, 334 ff. 

Demagnetization, 55, 61, 235, 236 

Density: of electric charge, 188 ff.; of 
flux, 82, 211, 220 

Derivation of equation: of ballistic gal- 
vanometer, 270; for oscillatory 
discharge of condenser with re- 
sistance, capacity and self-induc- 
tion, vSOl; for simple dynamo, 
248 

Derived, entities, ix, 400 

— and fundamental units, 102, 400 

— units, ix, 102, 196, 199, 400; ratios of, 

X, 400 

Description of induced currents, Lenz's 
law, direction of induced E.M.F., 
240 

Destructive effects of electrolysis, 148, 
379, P8 

Detection: of electrification, 174; of 
oscillations, 362 

Detector, audion, 355 

Determinants, 116 

Determination: of direction of motion of 
conductor carrying current in 
magnetic field, 215; of ejm for 
cathode rays, 308, 309; of ejm 
of electrons from hot filament, 

' 310 

Development of electricity and mag- 
netism, 16 

Devices for study of photoelectric effect, 
322 

Diagram, vector, for A.C. circuit, 292 

Diamagnetism, 223 ff.; of all matter, 225 
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Diameter of atom, 317 
Dielectric, 37; constant, 41, 69, 145, 179, 
200 

Diesel motors, 257 

Difference of potential, contact or Volta, 
322, 325 

Diffraction, atomic and molecular, 46 

— gratings, 319 

— patterns, electron, 46 
Diffuseness of magnetic poles, 57, 62, 75 
Dilution, heat of, 153 

Dimensions: in electromagnetic and 
electrostatic systems, 400; of 
BH, 222; of capacity, 197; of 
electrical entities, 400; of ex- 
ponential factors in transient 
phenomena, 281; of magnetic 
pole strength, 65; of physual 
quantities, 68 ff.; of self-induc- 
duction, 261; physical, defined, 
68 

— and units, 66, 400; table of, 400 
Dip, magnetic, 81, 244 

Dipole, electrical field of, 201 
Dipoles: electrical, 201, 207; magnetic, 
207; molecular, 145, 207; per- 
manent and induced, 145, 202 
Direct current ammeters, 125 

voltmeters, 125 

Direction; of force on conductor with 
current in magnetic field, 214; 
of induced current by cutting 
lines of force, 240; of magnetic 
field, 63; of magnetic field about 
conductor with current, 84 
Directive force of earth’s field, 49 
Disadvantages of photocells in light in- 
tensity measurement, 338 
Disc, Faraday, 29, 35, 217, 246 
Discharge, electrical, in gases, 312; 
exponential, 304; oscillatory, 36, 
38, 41, 263, 300, 301, 305; oscil- 
latory, derivation of equation 
for, 301 

— through gases and atomic structure, 

307 

Discovery: accidental, 15; nature of, 15; 
of compass, 49; of electromag- 
netic induction, 34; of magnet- 
ism, 48; of thermionic effect. 


340; of X-rays, 307; premature, 

15 

Disintegration of atoms, artificial, 317 

— series of uranium, 314, 315 
Dissociation, electrolytic, 146 
Distances of electron levels in atoms 

from the nucleus, 318 
Distortion on amplification, 360 
Distribution: of (‘harge on irregular con- 
ducting surface, 190; of energy 
among free elc'ctrons in metals, 
333; of potential in thermionic 
emission, 350; of thermionic 
velocities, IVIaxwelli.in, 347; of 
velocities of photoelcu trc^ns, 337 
--- law, Maxwelli.in, 330, 344, 347 
Destruction of magnetism, 55, 6l, 235, 
236 

Divergent field, action of on magnetic 
bcjdies, 224 

— magnetic' field, 223 
Divided c'ai)acity, 363 

Divider, potential, 109; static potential, 
205, 209 

Doublets, elcx'trical, 201 
Drop of potential in a circuit, 32, 104, 
108, 113 ff. 

Dry c'ells, 160 

Dulong and Petit’s law, 330 
Duration of excited atomic state, 312 
Dushmann, thermionic eejuation of, 345 
Dynamic al stability of atoms, 144 if., 318 
Dynamo, 35, 2 19 ff. ; all (‘mating curremt 
and direct curre-nt, 249; F.M.F. 
and IM). from, 251; K.M.F. 
generated by, 249; efficiency of, 
ideal, 252; energy losses in, 252; 
load on, 252; power output of, 
252 

— rule, 84, 215, 240 
Dynamos, self-excitation of, 250 

— and motors, reciprocal relations be- 

tween, 253; simple, 248 

E 

ejm: determination of for cathode rays, 
308, 309; for electrons, 311; 
for electrons from hot filament, 
310; for thermions, 341, 342; of 
positive rays, 316 
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Early discoveries, in photoelectricity, 321 
Earth, magnetic axis of, 81 
- inductor, 35, 243 ff., 393, P7, P8 
Earth’s field, total intensity of, 81, 244 

— magnetic field, 76, 80; horizontal 

component, 81 

and tangent galvanometer, 92 

poles, 81; magnetism of, 53 

— potential, 97, 186 

Eddy current losses: in dynamo, 252; 
reduced by laminations, 265 

— currents, 262, 263; damping by, 

264; used in induction furnace, 
264 

Edison cell, 158, 160 

— effect, 341 

Effect: Compton, 45; Edison, 341; of 
air gaps, 232, 237; of capacity on 
the impedance of alternating 
currents, 294; of self-induction 
on alternating E.AI.F., 289; 
of self-induction on breaking 
circuit, 263; photoelectric, 321, 
322 IT.; thermionic, 340 ff. 
Efficiency: of D.C. motor, ideal, 256; 

of tranvsformer, 267 
Efficient arrangement of cells, 16J 
Einstein-de Haas experiment, 226 

— photoelectric law, 44, 320, 325, 326 
Elastic reflection of electrons, 44 
Electric bell, first, 22, 384, P21 

— currents and resistance, 104 
induced, 240 

— field close to charged surface, 189 
strength and potential, 186, 349 ff. 

— light, first, 19 

— whirl or pinwheel, 191 

— wind, 191 

Electrical and heat conductivities par- 
allel, 330 

— attraction and repulsion, 18, 20, 174 

— bell, first, 22, 384, P21 

— charges, law of force between, 24, 67, 

178, 185, 200, 317 

— conduction, 20, 30, 105, 144, 175 

— conductivity, 30, 105 

— currents, 20, 83 ff., 104, 112 ff., 132 ff., 

183, 240 ff., 274 ff., 284 ff., 
294 ff.; sources of, 84 

— defining equations, 400 


Electrical discharge in gases, 312 
--- doublets, 201 ff., 207 

— drive on ships, 256 

— entities, ix, 400 

— field strength, 174, 183 ff., 203, 349, 

382, Pll; definition of, 183 ff. 

— fields, high, and photoelectric effect, 

338 

— fish, 25 

— forces, 20, 24, 179 

— hysteresis, 207 

— induction, 37, 174, 175, 177, 178 

— inertia, 260, 301 

— measuring instruments, 121 

— molecular dipoles, 201 ff., 207 

— moment, 201 

— oscillations, 205, 263, 300, 319, 358, 

361, 364 

— polarization, 30, 148, 200 ff., 207; in 

glass, 148 

— potential, 32, 39, 94 ff., 109 ff., 113 ff., 

134 ff., 185 ff., 242 ff., 284 ff., 
384 ff. 

— power consumption, 100 ff., 131, 138, 

297 ff. 

transmission, 284 

— prc.ssure, 94 

— resistance, 32, 36, 101, 104 ff., 112, 

113 ff., 136, 400; defined, 101, 
400 

— screening, 177 

Electricity: analogy of, to water, 95, 196, 
300; early development of, 18; 
flow of, 20, 94, 183; fluid con- 
cept of, 21, 94, 176, 196, 300; 
negative, positive, resinous, vit- 
reous, 20, 94, 174; one and two 
fluid theories of, 20, 94, 176; 
quantity of electrostatic (defini- 
tion), 67, 182, 400; quantity of 
released in inductive action, 244, 
246; resinous, 20, 94, 176; six 
important properties of, 36, 400; 
'static I, 174; static II, 185; 
static III, 196; transport of, by 
electrons, 135, 140 ff.; trans- 

ported by charged atoms and 
molecules, 140; transported by 
ions, 105, 144 ff., 311; two kinds 
of, 20, 94, 174; velocity of trans- 
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port of, 83; vitreous, 20, 94, 
174 

Electrification: its detection, 174; theo- 
ries of, 21, 83, 84, 174, 176; two 
kinds, 20, 83, 94, 174 
Electrochemical equivalent, 39, 143, 

157 ff. 

Electrode material and photoelectric 
effect, 325 

Electrodes: defined, 141; erosion of, 159; 
gaseous, 151 

Electrodynamics, 41; classical, 43, 44; 

classical, breakdown of, 13 
Electrolysis, 27, 140 ff., 141; destructive 
effects of, 148, 379, P8; Fara- 
day’s laws of, 39, 132, 140 ff.; 
plating by, 148, 158; purifica- 
tion by, 158; through glass, 147; 
uses of, 148 

Electrolytic dissociation, 146 

— erosion, 148, 379, P8 

— nature of conductivity of crystals, 140 
Electromagnet: design of, 237, 389, Pll, 

P12; lifting power of, 237, 391, 
P13, P16, 392, P18 

Electromagnetic and electrostatic units, 
ratio of dimensionally derived, 
69, 400 

— deflection of cathode rays, 308 

— induction, discovery of, 34 

— radiations, 319 

— system: dimensions in, 400; of units, 

85, 86, 400 

— theory of light, 44 
Electromagnetic unit: of capacity, 198, 

400; of current, 86, 121, 211, 400; 
of potential, 98, 242, 400; of 
quantity, 87, 400; of resistance, 
101, 400; of self-induction, 260, 
400; of self-induction, dimen- 
sions of, 261, 400 

— units, definition of, 400; ratio to 

E.S.U., X, 39, 69, 182, 183, 187, 
198, 261, 300, 382, P13, 395, 
P3, 400 

— waves, 36, 41, 300, 319, 361 ; short, 319 
Electromagnetics, 211 
Electromagnets, structure of, 237 
Electrometer: attracted disc or absolute, 

136, 191, 382, P12, P13; Hoff- 


mann, 133; quadrant, 134, 194, 
322; quadrant, use of in study 
of photoelectric effect, 322 

Electromotive force: alternating, effect 
of self-induction on, 289; alter- 
nating, peak value of, 285 ; alter- 
nating, value of by measure- 
ment, 289; average value of, 
alternating, with self-induction, 
291; back, 253; defined, 109 ff., 
134, 156, 251; generated by 

dynamo, 249; given by trans- 
former, 268; impressed, 292; in- 
duced in secondary coil, 245; 
induced, magnitude of, 241; in- 
stantaneous value of, with self- 
induction, 290; measurement of, 
110, 134, 135, 156; of cell, calcu- 
lation of, 156, 379, Pll, P12, 
P13; of dynamo rectified, 249; 
of simple dynamo, 249; pro- 
duced by cutting lines of force, 
242; produced by Faraday’s 
disc, 246; sinusoidal, plot of, 
285 

and fxjtential difference, 109, 156, 

251; from a dynamo, efliciency 
of dynamo, 251 

— forces: comparison of, by potentiom- 

eter, 134; thermal, laws of, 168 

— series, Volta’s, 27, 150 

Electronegative gases, 150, 312 

Electron, 42, 67, 177, 311, 313, 378, 

P6, P7; charge of, 43, 311, 313; 
dimensions of, 313; force on in 
electric and magnetic fields, 308, 
309; mass of, 311, 313; unit of 
negative electricity, 105, 144, 
311, 313, %alue of, 43, 311, 313; 
velocity of, from magnetic field, 
320; work to remove from a 
metal, 329, 335, 336, 344, 347, 
348 

— and nucleus, force between, 381, P5 

— concentration, high, consequences of, 

332 

— currents in atoms, 225 

— diffraction, 46 

— orbits, 318 

— shells or groupings in atom, 318 
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Electron, theory, 43, 311; of metallic 
conduction, 105, 166, 344 ff. 

— velocity, effect on potential distribu- 

tion, 350, 352 

Electrons: atomic, stable configurations 
of, 144 ff., 318; attachment of, 
311, 312; degenerate, 167, 334 ff.; 
ejm for, 311; elastic reflection 
of, 44; emitted by incandescent 
bodies, 342; free, 344; free, and 
thermoelectric effects, 167; free, 
in metals, 105, 144, 166, 329, 
344 ff. ; free in metals, energy 
distribution among, 333; from 
hot filament, 147; from hot fila- 
ment, e/m for, 310; from ther- 
mionic effect, 341; ionization by 
collision by, 191, 312; liberation 
of, by light, 323; magnetic de- 
flection of, 388, P9; number 

of in an atom, 144, 317; trans- 
port of electricity by, 105, 140, 
144, 166; velocity of in gases, 312 
Electrophorus, 178 
Electroplating, cautions in, 157 
Electroscopes: early, 18, 23; gold leaf, 23, 
174, 193 

Electrostatic and electromagnetic units, 
ratio of, x, 39, 41, 69, 182, 183, 
187, 198, 261, 300, 382, P13, 395, 
P3, 400 

— attraction. Coulomb’s law of, 23 ff., 

63 ff., 67, 179 ff., 185 ff., 200, 317 

— deflection of cathode rays, 308 

— induction, 19, 37, 175, 177, 178 

— machines, 20, 178 

— potential, 185 

difference, 186 

multiplier, 210 

Electrostatic system, definition of cur- 
rent in, 183, 400 

— system, dimensions in, 400 

— unit: of capacity, 197, 400; of cur- 

rent, 183, 400; of potential, 185, 
186, 400; of quantity, 182, 400; 
of resistance, 400; of self-induc- 
tion, 261, 400 

— units, definition of, 182, 183, 185, 186, 

197, 261, 400 

— voltmeter, 134, 135, 193 


Electrotechnical period, 33 
Elements: artifical disintegration of, 317; 
periodic table of, 114, 115; 

replacement series of, 150 
Emission: of electrons by incandescent 
bodies, 342; photoelectric, effect 
of gases on, 324; photoelectric, 
intensity of, 328; thermionic, 
laws of, 342 

Empirical laws, avoided, viii 
Energies, translational, quantized, 332 
Energy : change of in sharing charge, 206; 
chemical, consumed in cell, 153, 
154, 155, 157; conservation of, 
39, 42, 188, 240; in charging by 
induction, 178; in copper cell, 
source of, 154; kinetic, 96; ki- 
netic and potential, of oscillating 
coil, 271; of alpha particle, 381, 
P6; of charge on condenser, 205; 
potential, in earth's gravitational 
field, 95; source of in acid cell, 
155 

— and quantum unit, 326 

— distribution: classical, 330; among 

free electrons, 330, 333, 344 

— losses in dynamo, 252 

— output greater than input in three- 

electrode tube, 361 

— source in concentration cell, 153 
Entities; derived, ix, 400; electrical, in- 
terrelations of, ix, 400; funda- 
mental, ix, 400; fundamental or 
derived, 400 

Entropy, 153, 154, 155, 157 
Equation: defining, 68; for oscillatory 
discharge, derived, 301; for sim- 
ple dynamo, derivation of, 248; 
of ballistic galvanometer, 271; 
of Poisson, 349, 350, 351; of ther- 
mionic amplifier, 358 
Equations, defining, electrical, 400 
Equilibrium in solution, 149 
Equipotential surface, 187, 189 
Equivalent, electrochemical, 39, 144, 157 
Erosion, electrolytic, 148, 379, P8 
Ether, luminiferous, 13, 41, 42, 300 
Euler’s theorem, 305 
Excited atoms, 312 

— state, duration of, 312 
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Exclusion principle, 330 
Existence of Ampere’s molecular mag- 
nets, the magneton, and the 
quantization of atomic mag- 
nets, 225 

Experiment: ice pail, 177, 178 flf.; Stern- 
Gerlach, 227; showing lifting 
power of magnet proportional to 
AB^, 238 

Experimental arrangement for study of 
thermionic emission, 342 

— science, beginning of, 6 

— study of characteristic of three elec- 

trode tube, 356 

— verification of thermionic equation, 

346 

Experiments of Barnett and Einstein- 
de Haas, 226 

Explanation: of magnetic behavior, 59, 
219, 225; of Peltier and Seebeck 
effects, 167; physical, future of, 
14 

Exploding fine wires electrically, 206 
Exponential discharge, 304 
External resistance, 110, 162, 251 flf. 

and efficient arrangement of cells, 

162 

F 

Factor: amplifying, 357, 358; damping, 
272, 305; phase, 305; power, 299 
Fall of potential in a circuit, 32, 104, 108, 
113 ff. 

Farad, the, 198, 400 

Faraday disc, 217, 246, 392, PI 

Faraday's ice pail experiment, 177, 178 ff. 

— laws of electrolysis, 132, 133, 140 ff. 
Fathometer, 365 

Fatigue, photoelectric, 326 
Fermi-Dirac statistics, 330, 332 
Ferromagnetism, 54, 223 
Field: at center of plane circular coil, 89; 
at a point due to infinitely long 
straight conductor, 87; at any 
point near bar magnet, 73; at 
point on axis of magnet, 71; at 
point on perpendicular to axis of 
magnet, 72; demagnetizing, 55, 
61, 235, 236; divergent, 223; due 
to any number of magnet poles, 


74; electric, 174, 183 ff.; 186, 
189, 192, 203, 349 ff., 382, Pll ; 
electric, close to charged surface, 
189; in an infinitely long sole- 
noid, 212; line integral of, 231; 
magnetic, concept of, 63; mag- 
netic, direction of, 63; magnetic, 
of a solenoid, 213; magnetic, of a 
current, 84; of infinitely long con- 
ductor, 28, 87 ff. ; of an isolated 
pole, 7 1 ; on axis of plane circular 
coil, 90; total intensity of 
earth’s, 244; uniform, action on 
magnet, 74 

F'ield: excitation of dynamos, self- and 
separate, 251 

— strength: electric, and potential, 186, 

349 ff.; electrical, definition of, 
183; electrical, practical unit of, 
186; magnetic, 65; r cm from 
axis of charged cylinder, 203 

Fields: of force, conventional repre- 
sentation of, 82, 184; magnetic, 
absolute determinations of, 76, 
243; magnetic, highest, 237; of 
magnets, 56 

— and charges, static, 174 

Figure of merit, of galvanometer, 123, 
378, PI, P5, 393, PIO, 395, P2 

Filament temperature, measurement of, 
343 

Fish, electrical, 25 

Fluid theories of electricity, 20, 94, 176 

Fluorescence, 307; X-rays, 313 

Flux, 82, 211 ff., 220, 224, 232, 242, 349; 
electrical, 349; in magnetic cir- 
cuits, calculation of, 232; mag- 
netic, defined, 211; near long 
wire, 387, P3; rate of change of, 
242 

— density, 82 

magnetic, 220 

Force: between electron and nucleus, 
381, P5; coercive, 222; directive, 
of earth’s field, 49; magnetomo- 
tive or M.M.F., 229; on cathode 
rays in electric field, 308; on 
cathode rays in magnetic field, 
309; on charged electrical sur- 
face in field, 192; tube of, 82 
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Force fields, conventional representation 
of, 82, 184 

Forces: between ions, 382, FIO; between 
two wires carrying currents, 
215 ff., 386, PI, P2; electrical, 
179 

Formation of ions in photoelectric 
effect, 324 

Free electrons, 344; energy distribution 
among, 330, 333; in metals, 105, 
144, 166, 329, 344 ff. 

and thermoelectric effects, 167 

Frequency: limiting, 327; of light and 
photoelectric current, 329; of 
oscillation defined, 286, 287 
Frictional losses in dynamo, 253 
Frog’s leg, electrical res{X)nse of, 25, 
83 

Full wave rectifier, 353 
Function, work, 329, 335, 336, 344, 345, 
347, 348 

Fundamental and derived units, 67, 102, 
400 

— entities, ix, 102, 400 

— units, 67; ratios of, x, 400 
Furnace, induction, 264 

Further facts concerning photoelectric 
emission, 336 

Galvanic cell, 23, 26, 83, 94, 149 ff. 152 
Galvanometer: a.static, 124, 125; ballis- 
tic, 136, 244, 269 ff., 280, 395, 
396; ballistic, for high resistance 
measurement, 136, 280; con- 

stant, 92, 122 ff., 270; damping 
of by eddy currents, 265; figure 
of merit of, 123, 378, PI, P5, 393, 
PIO, 395, P2; high resistance for 
potential measurement, 134; 
limit of sensitivity, 125; moving 
coil or d'Arsonval, 121; moving 
coil or moving magnet type, 132; 
period of, 123, 378, PI, P5; re- 
sponse of, 123; sensitivity of, 
123, 378, PI, P5, 393, PIO, 395, 
P2; sine, 93; suspended magnet, 
30, 124; tangent, 30, 91, 132; 
tangent, constant of, 92; use of 
in photoelectric effect, 322 


Galvanometers: as voltmeters, 125; types 
of, 124 

(^amma rays, 314, 319, 320; origin of, 
320 

Gaps, air: effect of, 237; in magnetic 
circuit, 232; leakage caused by, 
236 

(ias atoms and molecules, photoelectric 
effect in, 337 

— film, causes polarization in cells, 155 
(Gaseous discharge, electrical, 312 

— electrodes, 151 

— ions, 311 

Gases: conduction in, 311; effect of on 
photoelectric currents, 324; re- 
sidual in photo-effect, 326 
(4auss, definition of, 65, 82 
Gaussian system of units, 39 
Gearing down, necessity of, on motors, 
256 

(General development of physical science, 

1 

(ieneralization of Ohm’s law, 112 ff. 
“Getter,” 343 

(ilass, electrolysis through, 147 
Glossary of notation, xix 
Glow discharge, 312 
Gold-leaf electroscope, 23, 174, 193 
Gram atom equivalent defined, 143 

— of mass, 66 

(^ratings, diffraction and crystal, 319 
Greatness, scientific, criterion of, 15 
Greek mathematics, 3 

— numeration, 3 

— records of magnetism, 48 

— thought, 2 
(irid leak, 362 

— of three electrode tube, 355 
Guard ring, electrical, 192 
Gyromagnetic phenomena, 226 
(gyroscopes, molecular, 225 
Gyrostatic compass, 80 

H 

h, Planck’s, 43, 69, 320, 326, 332 
Half life period of radioactive sub- 
stances, 314 
Half wave rectifier, 353 
Hartley circuit, 362, 364 
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Heat: effect of on magnetism, 55, 61; 
mechanical equivalent of, 98; 
of reaction, 153, 154, 155, 157, 
379, Pll, P12, P13; of solution, 
determines potential, 154 

— and electrical conductivity parallel, 

330 

— conduction, 31, 101 

— motions, reality of, 43 

— waves, 319, 320 

Heating: by eddy currents, 264; by mag- 
netization and demagnetization, 
223; Joule’s law of, 102, 168 
Heating effect: for measuring |xjtential, 
134, 136; of a current, 33, 99, 102 

— effects of supersonic waves, 365 
Heats, atomic, vl30; of dilution, 153; of 

solution of metals in acid, 155 
Heliocentric theory, 7 
Henry, the, defined, 261, 400 
Hertzian waves, 36, 41, 300, 319, 361 
High electrical fields and photoelectric 
effect, 338 

— electron densities, consequences of, 

332 

— frequency alternating currents meas- 

ured by thermal cross, 173 
currents, measurement of, 133, 173 

— resistance, measurement of, 136, 280, 

397, P12 

— temi:)eratures, by explosion of fine 

wires, 206 

Highest magnetic fields, 237 
Historical outline of development of 
electricity, 16 

Hoffmann electrometer, 133 
Hooke’s law, 271 

Horizontal component of earth's mag- 
netic field, 81, 244 
Hot wire ammeter, 132, 133, 173 
House lighting circuits, 375, P9 
“How,” Newtonian, 12 
Hysteresis, dielectric, 207; magnetic, 62, 
207, 221, 267 

— loop, 222 

— losses in dynamo, 252 

I 

iR drop, in a circuit, 32, 104, 108, 113 ff. 
i^R heating effect, 99, 102, 133 


Ice pail experiment, 177, 179 IT.; proof 
of inverse square law from, 180 
Ideal efficiency of dynamo, 252 
Idiostatic connection of (|uadrant elec- 
trometer, 195 

Impedance, 291, 294, 296, 297, 363; 
capacity, 296; inductive, 291; of 
A.(\ circuit with capacity, 294 
Importance of alternating currents, 127, 
284 

Impressed K.M.F., 292 
Impulse equals momentum, 269 

— given galvanometer coil, 270 
Impurities, effect of, on crystal t'onduc- 

tion, 140 

Incandescent bodies emit electrons, 342 
Inclination, magnetic, 81, 244; see also 
Dip 

Independent thinkers, 6 
Index of refraction, 41; of x-rays, 
319 

Induced current by cutting lines of force, 
direction of, 240 

— dipole, 202 

— K.M.F., magnitude of, 241 

— E.M.F. in secondary coil, 245 
Inductance as choke coil, 353 

— electric currents, 240 ff. 

Induction, 258 ff.; charging by, 19, 37, 

175; coefficient of mutual, 
258; consequences of electrical, 
177 ff.; electromagnetic, di.scov- 
ery of, 34; electrostatic, 19, 
37, 175, 177, 178; electrostatic, 
uses of, 178; magnetic, 54, 220; 
magnetic, how measured, 221; 
self-, 36, 260 ff., 274 ff., 289 ff., 
297, 301 ff., 355 ff., 395, PI, 400; 
self-, defined, 260, 400 

— coil, 266 

— furnace, 264 

Inductive capacity, specific, 38, 200; see 
also Dieletric constant 

— reactance, 291 
Inductor, earth, 35, 243 

Inertia: electrical, 260, 301; moment of, 
79, 80 

Influence of Sommerfeld-Pauli theory on 
photoelectric emission, 334 
Instantaneous current, 296, 297 
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Instantaneous power consumption in 
A.C. circuit, 298 

— value of E.M.F., 285, 287; with self- 

induction, 290 

Instruments, electrical measuring, 121 ff. 

Insulators or non-conductors, 20, 105 

Integral of field, line, 231 

Intensity: magnetic, 82; of earth's field, 
total, 81, 244; of emission, de- 
pends on absorbed light, 328; 
of light and photoelectric cur- 
rent, 325; of magnetization, 220; 
of photoelectric emission, 328; 
range of in photoelectric emis- 
sion, 328 

Interaction between fields and con- 
ductors carrying currents, 214 

Interferometers, 320 

Internal photo effect, 337 

— resistance, 110, 111, 155, 162, 251, 

254; neglect of in measurement, 
111; of cells increased by polari- 
zation, 155; of dynamo, 251; of 
motors, 254 

and efficient arrangement of cells, 

162 

International volts, 139 

Inverse square electric law, accuracy of, 
181 

law, 29, 64, 67, 180 ff., 185 ff., 

200, 317, 382, PIO; electric, 
proof of, from ice pail experi- 
ment, 180; electric, range of, 
182; magnetic, 64 

Ionic conduction, 105, 146, 148, 191, 207, 
311 

Ionization by collision by electrons, 312 

Ions: exsistence of, in solids and molten 
solids, 146; formation of, in 
photoelectric effect, 324; forces 
between, PIO, 382; gaseous, 311; 
gaseous, formation of, 311; gas- 
eous, from thermionic effect, 341; 
in field about needle point, 191; 
mobility of, 312; neutralization 
of by electrons, 147 ; polarization 
of dielectrics by, 207; positive, 
ionization by collision by, 312; 
recombination of, 311; velocity 
or mobility of in solution, 148 


Iron: in a magnetic field, two ways of 
regarding, 219; magnetic oxide 
of, 48 ff. 

— cored choke coil, 363 

— filings : used as compasses, 53 ; used 

to map magnetic regions, 53 
Isoclinic lines, 81 
Isodynamic lines, 81 
Isogonic lines, 81 
Isolated pole, field of, 71 
Isotopes, 316 

J 

Joule, defined, 100 

Joule’s law of heating, 102, 136, 168 

K 

X-shell, 319 

Keeper, magnetic, 55, 233, 236 
Kelvin Bridge, 136 
Kenotron, 352 
Kilowatt, defined, 100 
Kinetic energy, 96; of moving coil, 271 
Kirchhoff’s first law of divided circuits, 
112 

— law equations, solution of, 117 ff. 

— laws, 33, 39, 112 ff., 117 ff., 254, 

274, 278, 290, 294, 302, 376 ff.; 
applied to Wheatstone bridge, 
114 

— second law, 113, 254 
Kite, Franklin’s, 22 

L 

L-shell, 319 

Lag of current, phase, 292, 297 
Laminated structure to prevent eddy 
current losses, 265 

Law: Ampere’s, 29 ff., 85 ff.; Ampere’s, 
application of, 87; Biot and 
Savart’s, 28, 87, 216; Biot and 
Savart’s, proof of, 89; Cou- 
lomb’s, 23 ff., 63 ff., 67, 179 ff., 
185 ff., 200, 317; Coulomb’s, 
range of, 182, 317; Einstein 
photoelectric, 44, 320, 325, 

326; Faraday, of electroly- 
sis, 39, 140 ff.; first of ther- 
modynamics, 39, 42, 188, 240; 
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Hooke’s, 271; inverse square, 
29, 64 ff., 179 ff., 185 ff., 200, 
317; inverse square, magnetic, 
64; inverse square, proof of, 
179 ff.; Kirchhoff's, 33, 39, 
112 ff., 254, 274, 278, 290, 294, 
302, 376 ff.; Kirchhoff’s first, 112; 
Kirchhoff’s second, 113, 254, 274, 
278, 290, 294, 302, 376 ff.; Lenz’s, 
35, 225, 240 ff., 253; Maxwell’s 
distribution, 330, 344; Ohm’s, 
31, 101 ff., 105 ff., 112 ff., 288, 
291, 296 {see also Kirchhoff’s 
laws); Ohm’s, generalization of, 
112; Ohm’s, modified in A.C. 
circuits, 291; of decay of radio- 
active substances, 314; of Dulong 
and Petit, 330; of electrostatic 
attraction. Coulomb’s, 67, 178, 
185; of force between electrical 
charges, 178; of heating. Joule’s, 
102, 136, 168; of magnetic force, 
applications of, 71; radiation, 
42; tangent, 76, 91, 132; Wicdc- 
mann-Franz, 330 

Laws: empirical, avoided, viii; for re- 
sistances in series and parallel, 
107; of attraction and repulsion 
of magnet poles, 52; of electroly- 
sis, Faraday’s, 39, 132, 133, 
140 ff.; of motion, Newton’s, 66; 
of thermal E.M.F.’s, 168; of 
thermionic emission, 342 

Lead storage battery, 158 

Leads, two atomic weights, 316 

Leakage: magnetic, 233, 236; stray flux, 
effect of air gaps, electromagnets 
and lifting power of magnets, 235 

Legal standard of current, 133, 144 

— standards, 139 

— unit of current, 133 

Length of electromagnetic waves, 319, 
320 

Lenz’s law, 35 ff., 225, 240 ff., 253; in a 
motor, 253 

Leyden jar, 20 ff., 37, 38; see also 
Capacity 

Liberation of electrons by light, 323 

Lifting power ol electromagnets, 237, 
391, 392, P13, P16, P18 


Light: corpuscular nature of, 14, 45; 
corpuscular theory of, 44; elec- 
tromagnet theory of, 41; fre- 
quency of, and photoelectric 
current, 329; liberation of elec- 
trons by, 323; quantum nature 
of, 13, 43 ff.; refraction of, 41; 
ultraviolet, aids sparking, 321; 
ultraviolet and visible, 319, 320; 
velocity of, 39, 70, 300; velocity 
of and ratio of units, x, 39, 70, 
400; see also Ratio of units 

— emission by atoms in discharge, 

312 

— intensities measured by photo effect, 

338 

— intensity and photoelectric current, 

325 

Lighting, first electrical, 29 

— circuits, 375, P9 

Lightning, identified with spark, 22 

— and static electricity, 22, 83 

— discharge, 373, PIO, 383, P16, 385, 

P27 

Limitation of rate of scientific advance, 
16 

Limit, long wave length, 325, 336 
Limiting frequency, 327 
Line integral of the field, 231 
Lines: isoclinic, 81; isodynamic, 81; iso- 
gonic, 81; number of, emerging 
from charged conducting sur- 
face, 189; of force: numbers 
emerging from poles, 82; from 
charge, number of, 184 
Liquid conductors: I, 140; II, 149 
Lissajou figures from oscillograph, 283 
Load, effect of on D.C. motor efficiency, 
256 

Load on dynamo, 252 
Loadstone, 48 

Location of magnetic poles, 58, 64, 75, 
76 

Logarithmic decrement, 273 
Long solenoid, field in, 212 

— wavelength limit, 325, 336 

Loss of flux through keeper, 233, 236 
Losses: in dynamo, 252; in electrical 
power transmission, 284 
Luminiferous ether, 41, 300 
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M 

M II, measurement of, 77 
M/Il, measurement of, 77 
Machines, electrostatic, 21, 178 
Magnet: action of uniform field on, 74; 
defined, 52; effect of breaking, 
54; field at any point about, 73; 
field on axis of, 71; field per- 
pendicular to axis of, at center, 
72; floating, in uniform field, 53; 
orientation of, 49, 51; oscillatory 
motion of, in field, 79; torque on, 
in uniform field, 75 

— poles, laws of attraction of, 52 
Magnetic action explained, 59, 223 ff. 

— attraction, 2, 52 

— axis of earth, 81 

— l)ehavior of atoms, 223 ff. 

— circuit, 229 ff. 

— compass, 49, 80 

— declination or variation, 81 

— deflection of cathode rays, 309, 388, 

P9, PIO 

— dip, or inclination, 81, 243 

— dipoles, 207 

— effect of a current, 27, 28, 84 ff., 212 ff. 

— field: action of on photoelectric effect 

in vacuum, 323; at a point due 
to infinitely long conductor, 87; 
concept of, 63; earth’s, 76, 80, 
243; in solenoid, 213; of a cur- 
rent, 84 ff., 212 ff.; of plane, 
circular coil, 89, 90; two ways of 
regarding iron in, 219; unit, 82 

conventions, 76, 82 

strength, 65 

— fields: absolute determination of, 76, 

91, 221, 243; highest, 237 

— flux, defined, 82, 211 ff. 

— forces: penetration of matter by, 54; 

quantitative treatment, 63 

— hysteresis, 62, 207, 221, 267 

— induction, 54, 220 ff.; measurement 

of, 221 

— intensity, 82 

— keeper, 55, 233, 236 

— leakage, 233, 234 

— moment, 64, 75, 76, 219, 227 

— moments, quantization of, 227 

— oxide of iron, 48 


Magnetic permeability, 41, 64, 69, 
220 ff., 231 ff.; of air, 220 

— pole strength : absolute, determina- 

tion of, 76, 221; dimensions of, 

65 

— ix>les, 52; diffuseness of, 57, 62, 75, 76; 

location of, 58, 64 

— properties of materials, 219 ff. 

— retentivity, 55, 59, 222 ff. 

— saturation, 56, 59, 222 ff. 

— screening, 54 

— shells, 237 

— shunts, 232 ff., 390, P14, P17 

— substances, 54, 223 

— susceptibility, 220 ff. 

Magnetism: center of, 64; destruction of, 

55, 61; discovery of, 48 ff.; early 
investigations, 17 ff.; of earth’s 
magnetic i>oles, 53; phenomena 
of, 48, 51 ff.; qualitative phe- 
nomena of, 51 ff.; residual, 55, 
222, 251; residual, effect on start- 
ing of self-excited dynamo, 251 

— appears in equal amounts in magnets, 

53 

Magnetization: by currents, 28, 55, 221; 

intensity of, 220 
Magnetometer, 79, 80, 221 
Magnetomotive force, 229 ff. 

Magneton, 226 

— Weiss and Bohr, 226 
Magnetostriction, 56, 61, 366 

— produces oscillations, 366 
Magnets, fields of, 56, 61 ff., 71 ff.; 

lifting power of, 237; production 
of, 28, 55, 59, 221 

Magnitude of induced E.M.F., 241 ff. 
Manner of regarding a piece of iron in a 
magnetic field, 219 ff. 

Mapping magnetic regions by iron filings, 
53 

Mass: of electrons, 311, 313; unit of, 

66 

Materials: about circuit and self-induc- 
tion, 262; magnetic properties of, 
54, 219 

Mathematics, Greek, 3 
Matrix algebra, 45 

Matter: all diamagnetic, 225; electron 
theory of, 311 
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Maxwellian distribution of thermions, 
347 

Maxwell’s distribution law, 330, 344, 
347 

Measurement: of absolute potential dif- 
ference, 99, 135, 191, 382, P12, 
P13; of current, 132 ff.; of cur- 
rent, potential difference and 
revsistance, 132 ff.; of current- 
potential characteristic, 348; of 
currents by electrolysis, 133, 
139, 148 ff.; of electromotive 

force, 110, 134, 135, 156; of fila- 
ment temperature, 343; of high 
potentials, 209, 383, P18; of 
high resistances, 280, 397, P12; 
of internal resistance. 111; of 
light intensities by photo effect, 
338; of magnetic induction, 221; 
of potential, 134; of potential by 
heating effect, 134, 136; of power, 
138, 298; of relative solution ten- 
sions, 154; of resistance, lv36; 
of small currents, 183, 205, 385, 
P23, P24, P25, P26 

Measuring instruments, electrical, 121 
Mechanics: Newtonian, 11; wave, 14, 43, 
46, 335 

Mechanical equivalent of heat, 98 

— system, Newtonian, 66 

— vibration set up by piezoelectric effect, 

365 

Mechanistic conception of nature, 12 
Megohm, 124 

Mesh, in electric circuit, defined, 113 
Metal, work to remove an electron from, 
329, 335 

Metallic conductors, 105 
Metals: energy distribution among free 
electrons in, 333; free electrons 
in, 105, 144, 166, 344 ff., 329 
Metastable states, 312 
Meter, standard, 66 
Michelson-Morley experiment, 42 
Microfarad, the, 199, 400 
Micro-henry, 261, 400 
Micromicrofarad, 199, 400 
Microphone, 360 
Milli-henry, 261, 400 
Millikan oil drop experiment, 313 


Mobility of ions: in gases, 312; in solu- 
tion, 148 

Modified Ohm's law for A.C. circuits, 291 
Modulation, 361; of oscillations by 
microphone, 360 
Molecular diffraction, 46 

— dipoles, 202, 207 

— gyroscopes, 225 

— heat motions, reality of, 43 

— theory of gases, 43 

— vibrators, charged, 319 
Molecules: distribution of velocities 

among, 331; polar, 145, 202, 207 
Moment: electrical, 201, 207; see also 
Dielectric constants; magnetic, 
64, 75, 76, 219, 227; of inertia, 
79, 80; of momentum, 69, 326 
Moments, magnetic, quantization of, 227 
Momentum equals impulse, 267 
Most efficient arrangement of cells, 161 
Motion, direction of, between two con- 
ductors carrying currents, 216 
Motor: equation for, 254 ff.; power con- 
sumption in useful work, 254; 
simple, 217 

— rule, 35, 84, 215 

Motors: Diesel, 257; heavy, starting of, 
257; limitations on, 256; power 
consumption, efficiency and 
torque of, 254, 394, PI 4, PI 5, 
P16 

— and dynamos, reciprocal relations 

between, 253, 394, PI 4, PI 5, 
P16 

simple dynamos, 248 

Movement of floating magnets in uni- 
form field, 53 

Moving coil galvanometer, 121 ff. 
Multiplier, potential, 25, 83, 205, 210 
Muscles, frog's, 25, 83 
Mutual induction, 258, 364; coefficient 
of, 259 

N 

Nature of self-induction, 262 
Needle point, charge density on, 190 
Negative electricity, 20, 94, 174 

— space charge, 349 

— thermionic current, 341 
Neon, two atomic weights, 316 
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Neon signs, 312 

Neutral atom, constitution of, 318 

— electrical bodies, 176 

— point, thermoelectric, 172 
Neutralization of ions by electrons, 147, 

311 

Newtonian mechanical system, 66 

— system of units, 11, 66 
Newton's laws, 11, 13, 66 
Niton, 314 

Nitrogen, transmuted to oxygen, 317 
No flow method of measuring current, 
133 

Non-classical quantum statistics, 330 
Non-inductive winding, 262 
Non-metallic conductors, 105 
Non-polarizing cells, 156 
Notation, glossary of, xix 
Note on solution of Kirchhoff's law equa- 
tions, 1 1 7 ff. 

Nuclear atom, 43 

— charge, and atomic number, 144, 317 
Nuclei, constituents of, 317 

Nucleus, atomic, 144, 317; size of, 317 
Number, atomic, and nuclear charge, 
144, 317 

— of lines of force emerging from charged 

conducting surface, 189 
Numerals, Arabic, 5 

O 

Occluded gases, removal of, 342 
Octette theory of valence, 145 
Ohm, the, defined, 101 
Ohm's law, 31, 101, 105 ff., 112 ff., 288, 
291, 296; generalization of, 112; 
modified in A.C. circuits, 291 
Oil drop experiment of Millikan, 313 
One fluid theory of electricity, 21, 94, 
176 

Opposite poles of magnet equal, 54 
Orbits: electron, 318; electronic, radii of 
in atoms, 318 

Orientation and attraction of magnets 
distinguished, 49 

Origin of compass in sea navigation, 50 
Oscillating arcs, Poulson, and Chaffee, 
361 

— coil, 218, 387, P26 

Oscillation: amplitude of, 285, 287; 


damped, 272, 305, 361; damped, 
curve of, 272; frequency of, 286, 
287; period of, 79, 286, 287, 301, 
305, 362; period of, of magnet in 
field, 79 

Oscillations: amplification and rectifica- 
tion of, 360; amplification of by 
three electrode tube, 358; con- 
tinuous undamped, 362; elec- 
trical, 205, 263, 300, 358, 361; 
Hertzian, 319; producer of, 205, 
300; sustained, 361 

— detected, 362 

— produced by magnetostriction, 366 
Oscillator, thermionic, 361 
Oscillators, piezoelectric and magneto- 

strictive, 364 

Oscillatory discharge, 36, 38, 41, 263, 
300, 301, 305; equation derived, 
301 

— motion of magnet in field, 79 

— nature of spark, 36, 300 
Oscillograph, cathode ray or Braun tube, 

245, 281 

Osmotic pressure, 146 

Outgassed surfaces, 327 

Outline of development of electricity, 16 

P 

Paper, origin of, 10 

Para-, dia- and ferromagnetism, 223 ff. 
Parallel, conductors carrying currents, 
forces between, 216, 217, 386, 
PI, P2 

— connection: of cells, 162; of resist- 

ances, 107 

— connections of capacities, laws of, 208 

— plate condenser, 202 
Paramagnetism, 223 

Path, cathode ray, curvature of, 309 
Peak, values of E.M.F., 285, 289 
Peltier coefficient, 168 

— effect, 166 

Penetration of matter by magnetic 
forces, 54 

Period : atomic, 42; electrical current, 25; 
of electrical oscillations, 301, 305, 
362; electrotechnical, 33; of gal- 
vanometer, 123; of oscillation, 
79, 286, 287, 301, 305, 362; of 
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oscillation of magnet in field, 79; 
static, 17; systematic, 40 
Periodic discharge, 36, 38, 41, 263, 301 ff., 
305 

— table and isotopes, 316 

and nuclear charge, 144, 317 

and radioactive elements, 314 

of elements, 144, 145, 314, 316, 317 

Permanent dipole, 202; see also Dielec- 
tric constant 

Permeability, magnetic, 41, 64, 69, 
220 ff., 224, 231 ff.; less than 
unity, 224 

Phase, action of self-induction and capac- 
ity on, 280, 292, 296, 297, 305; 
of alternating potential defined, 
285, 287 

-angle, 296, 297, 305 

— advance, produced by capacity, 296 

— factor, 305 

— lag of current, 292 

Phenomena: of magnetism, 48; transient 
electrical, 274 

Phosphorescent zinc sulphide, 283 
Photocell circuits, 340 
Photocells, 338; alkali-hydride, 339; ad- 
vantages and disadvantages of, 
338; commercial, 338 
Photo effect: internal, 337 ; selective, 329, 
335, 336; selective nature of, 
338, 339 

Photoelectric and thermionic effects, 321 

— current and frequency of light, 329 

light intensity, 325 

temperature, 335 

Photoelectric currents, 324, 329, 335, 

355; effect of gases on, 324 

— effect, 13, 43, 319 ff., 321, 322, 323, 

337, 346; in high electrical fields, 
338; in non-metallic substances, 
140, 337; in vacuum, 323; long 
wavelength limit, 325; on gas- 
eous atoms and molecules, 337 
and electrode material, 325 

— emission, 13; intensity of, 328; on 

Sommerfeld-Pauli theory, 334 

— fatigue, 326 

— intensities, practical applications of, 

325 

— law, Einstein, 44, 320, 325, 326 


Photoelectric limit, long wave length, 

336 

Photoelectrons, 323; in crystal conduc- 
tivity, 140, 337; velocities of, 
324; velocity distribution among, 

337 

Photographic effect: of uranium, 313; of 
x-rays, 307 

Physical science, general development 
of, 1 

Piezoelectric and magnetostrictivc oscil- 
lators, 364 

— effect, 364 

produces mechanical oscillations, 

365 

Pile, voltaic, 83 

Pinwheel, electrical, 191 

Planck's //, 43, 69, 320, 326, 332 

Plane circular coil: field at center of, 89; 

field on axis of, 90 ' 

Plating, by electrolysis, 148, 158 
Poisson's equation, 349, 350, 351 
Polar molecules, 145, 200 ff., 207 
Polarity in magnets, 52 
Polarization : electrical, 27, 38, 148, 155, 
200 ff., 207; electrical, in glass, 
148; in cells, 27, 155; of solid 
dielectrics by ions, 148, 207 ; pre- 
vention of in cells, 156 
Pole: field of isolated, 71; isolated, non- 
existence of, 54; magnetic, dif- 
fuseness of, 57, 62, 75; magnetic, 
number of lines of force emerg- 
ing, 82; unit, definition of, 63; 
work done in moving around a 
wire carrying current, 212, 230; 
work done in moving around 
circuit, 230 

— strength, 63; magnetic, absolute de- 

termination of, 76, 221; magnetic 
absolute, 38, 63, 76; magnetic 
dimensions of, 65 

Poles: consequent, 59; earth’s magnetic, 
81; magnetic, location of, 58, 64, 
75; opposite, of magnet equal, 54 
Positive electricity, 20, 94, 174 

— potential, defined, 97, 185 

— rays, 42, 316 

— thermionic current, 341 
Potential, 32, 36, 94 ff., 109 ff., 113 ff.. 
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134 ff., 185 flf., 242 ff., 284 ff., 

348 ff . ; at point near surface of 
charged body, 189; at surface, 
retarding, 344; concept of, 94 flf., 
183 ff.; definition of in E.M. 
system, 98, 242, 400; distribu- 
tion of, between capacities in 
series, 209, 383, P18, 384, P22; 
electrostatic, 37, 38, 185, 186, 
349; fall of, along a wire, 108; 
legal standard of, 139; measure- 
ment of, 99, 125, 134 ff., 191 ff., 
209, 383, PI 8; measurement of 
by galvanometers, 125; measure- 
ment of by heating effect, 134, 
136; of cell, reversal of by solu- 
tion, 151; zero of, 97, 186 

Potential and electric field strength, 186, 

349 ff. 

— conventions, 97, 183 
-•definition of E.M.U. of, 98, 242, 400 

— difference, 94, 184; absolute, measure- 

ment of, 99, 135, 191, 382, P12, 
P13; contact or Volta, 322; 
electrical, defined, 97, 183; elec- 
trostatic unit of, defined, 187; 
from dynamo, 251 ; gravitational, 
96; measurement of by heating 
effect, 99, 134; practical unit of, 
99, 187, 242, 400 

and electromotive force, 109, 251 

— distribution : as affected by electron 

velocity, 350, 352; with ther- 
mionic emission, 350 

— divider, 109; static, 205, 209, 383, 

P18, 384, P22 

— energy: in earth's gravitational field, 

95; of moving coil, 271 

— fall in circuit, 32, 104, 108, 113 ff. 

— multiplier, 25, 83, 205, 210; electro- 

static, 210 

— ratio between E.M.U. and E.S.U., 

187; 382, P13, 400 

— series, 27, ISO, 322 

— variation of thermionic current, 351 
Potentials: contact, 325; high, measure- 
ment of, 209, 383, P18; im- 
pressed and rectified, 354 

— and rectified currents, 354 
Potentiometer, 109, 132, 133, 134; com- 


parison of E.M.F.'s by, 134; for 
measuring resistances, 136, 138 
Power: measurement of, 138, 299; prac- 
tical unit of, 100; thermoelec- 
tric and temperature, 169 

— consumed in running motor, 254 

— consumption: apparent, 131, 138, 299; 

average in A.C. circuit, 298; 
efficiency and torque for motors, 
254; electrical, 100 ff., 131, 138, 
297 ff.; in A.C. circuit, 298; in- 
stantaneous in A.C. circuit, 298; 
true, 131, 138, 299 

— output: of dynamo, 252; of motor, 255 

— transmission, losses in, 284 
Power-factor, 297, 299; used to measure 

self-induction, 299, 396, P8 
Practical unit: of capacity, 198, 400; of 
current, 86, 400; of E.M.F., 
definition of, 99, 242, 400; of 
potential difference, 99, 400; of 
power, 100; of quantity, 87, 400; 
of resistance, 101, 400; of self- 
induction, 260, 400 
Practical units, definition of, 400 
Precession, atomic gyrostatic, 225 
Pressure: osmotic, 146; solution, 149 
Prevention of polarization in cells, 156 
Principia, Newton’s, 7, 11, 13 
Printing of books, 9 

Process of investigation and definition 
of a new quantity, 67 
Production: of E.M.F'. by cutting lines 
of force, 242; of magnets, 28, 55, 
59, 221; scientific, rate of, 16 
Prony brake, 254 

Proof: of Biot and Savart's law, 89; 
of existence of atomic gyrostats, 
226; of inverse square law from 
ice pail experiment, 180 ff. 

— plane, 190 

Properties of electricity, six important, 
ix, 36, 400 

Proton: defined, 148, 318; radius of, 318 
Protons, emitted by atoms, 317 
Publication of scientific papers, 9 
Publications, scientific, 10 
Purification by electrolysis, 148, 158 
Purpose in nature, 2 
Pythagorean school, 1 
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Q 

QuadranJ electrometer, 134, 194, 322; 
use of in study of photoelectric 
effect, 322 

Quantitative electrical investigations, 
begun, 22 

— investigation, controlled, 3, 8, 67 

— treatment: of electrostatics, 178 ff.; 

of magnetic forces, 63 
Quantity: definition of in E.M. system, 
87, 400; definition of in E.S. 
system, 67, 182, 400; electrical, 
24, 67, 69, 87 ff., 178 ff., 197, 400; 
of electricity, number of lines of 
force from, 184; of electricity 
released in inductive action, 244, 
246; practical unit of, 87, 400; 
process of investigation and 
definition of a new, 67; ratio of 
electrostatic and electromag- 
netic, 182, 400 

Quantization : of magnetic moments, 227 ; 

of translational energies, 332 
Quantum, Planck, 43, 67, 69, 326, 332 

— action: unit dimensionally defined, 

69; unit of, 43, 69, 320, 326, 332 

— nature of light, 13 

— statistics, non-classical, 330 

— theory, 42, 44, 326 

Quartz, piezoelectric properties of, 364 

R 

Radio, 300 

Radiation, black body, 326 
Radiation law, Planck’s, 13 
Radiation laws, 42 
Radiations, electromagnetic, 319 
Radii of electron orbits in atoms, 318 
Radioactive disintegration series, 315, 
398, P19 

— elements, chemistry of, 314 
and the periodic table, 314 

— growth and decay, 314, 397, PI 7 

— substances: half-life period of, 314; 

law of decay of, 314 

— transformations, 314 
Radioactivity, 42, 313 

Radio frequency currents, measurement 
of, 133, 173 

— oscillations, 319 


Radio signals, nature of, 360 
— transformer, 360 
Radiomicrometer of Boys, 173 
Radiotelephony, 361 
Radium, 313; disintegration series of, 
314, 315 

Range: of ammeters and voltmeters, ex- 
tended, 127; of electromagnetic 
waves, 320; of inverse square 
law, 182; of intensity of photo- 
electric emission, 328 
Ratio: between E.S.U. and E.M.IJ., x, 
39, 41, 69, 182, 183, 187, 198, 
261, 382, P13, 395, P3, 400; 
between E.S.U. and E.M.IJ. of 
capacity, 198, 400; between 

E.S.U. and E.M.IJ. of current, 
183, 400; between E.S. and 
E.M. units of potential, 187, 
400; between E.S.U. and E.M.U. 
of quantity, 182, 400; between 
E.S.U. and E^.M.U. of resistance, 
4(K); between E.S.U. and E.M.U. 
of self-induction, 261, 400; of 
charge to mass of cathode rays, 
308; of electromagnetic and 
electrostatic units dimensionally 
evaluated, 69; of units from 
capacity, 395, P3 

Rays: alpha, beta and gamma, 314; 
cathode, 307; positive or canal, 
42, 316; X- and gamma, 319, 320 
Reactance, 291, 296, 297; capacity, 296; 

inductive, 291 
Reaction, heat of, 157 
Reciprocal relation between dynamos 
and motors, 253 
Recombination of ions, 311 
Rectification: of E.M.F. of dynamo, 
250; of oscillations, 360 
Rectified currents and potentials, 354 
Rectifier: half and full wave, 353; single 
valve, double valve, and four 
valve, 353; thermionic, 352 
Red threshold, 327 
Reflection, elastic, of electrons, 44 
Refraction: index of, 41, 319; of light, 41 
Relation between E.M.U. and E.S.U., 
E.M.U. and practical, E.S.U. 
and practical, 400 
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Relativity, 13, 42, 43 
Reluctance, 230; value of, 230 
Remanence, 222 

Replacement series of elements, 150 
Repulsion and attraction, electrical, 18, 
20, 174 

Residual gases in photo-effect, 326 

— magnetism, 55, 222, 251 

effect of, in starting self-excited 

dynamo, 251 

— rays, 320 

Resinous electricity, 20, 94, 174 
Resistance, 32, 36, 101, 104 ff., 113 ff., 
136 ff., 139, 162, 251, 274, 277, 
280, 291, 296, 297, 301, 400; 
absolute E.M. unit of, 101, 400; 
electrical, defined, 101, 400; ex- 
ternal and efficient arrangement 
of cells, 162; high, measurement 
of, 136, 280, 397, P12; internal 
and efficient arrangement of 
cells, 162; internal and external, 
110; legal standard of, 139; meas- 
urement of, 136 ff.; nature of, 
104; self-induction and capacity 
in an A.C. circuit, 297; series, 
for voltmeters, 129; specific, 105; 
standard, 132; temperature coef- 
ficient of, 106; thermometer, 106; 
variation of, 104 

— and capacity, effect of on transient 

currents, 277 

— and electric currents, 104 

— and electrical oscillations, 301 

— and self-induction, effect of on tran- 

sient phenomena, 274 

— and temperature, 106 
Resistances; comparison of, by Wheat- 
stone bridge, 137; in parallel, in 
series, 107 

Retarding potential at surface, 344 
Retentivity, magnetic, 55, 59, 222 
Reversibility of cells, 158 
Rhind papyrus, 1 

Richardson, thermionic equation, 344 
Right-hand rule, 28, 84, 215 
Rigidity, coefficient of, 80 
Ring, split, commutator, 218, 250 
Rings, Samothracian, 49 
Ripples, elimination of, 353 


Rise of current in circuit with self- 
induction and resistance, 276 
Rochelle salt, piezoelectric properties of, 
365 

Rome, downfall of, 3 
Root mean square, current and potential, 
289 

Royal Society: influence of, 9; publica- 
tions, 10 

Rule: Ampere’s, 29, 85; Avogadro’s, 39, 
141, 143; dynamo, 84, 215, 240; 
motor, 35, 84, 215; motor and 
dynamo, 215; right-hand, 28, 84, 
215 

S 

Samothracian rings, 49 
Saturation, magnetic, 56, 59, 222 

— current, 311, 323, 328, 343, 349, 351; 

photoelectric, 323, 328; ther- 
mionic, 343, 349, 351 

— currents in gases, 311 

— voltage and current, 328 
Scalar nature of potential, 186 
Scholasticism, 5 

Science, pre-Greek, 1 
Scientific method, 17 

— production, rate of, 16 

— publications, 10 

Screening: electrical, 177; magnetic, 54 
Second, definition of, 66 
Secondary coil, E.M.F. induced in, 245, 
392, P12 

Seebeck effect, 31, 166 

Selective nature of photoeffect, 338, 339 

— photoeffect, 329, 335, 336 
Self-excited dynamos, 250 
Self-induction, 36, 260 ff., 274 ff., 289 ff., 

297, 301 ff., 355 ff., 395, PI, 400; 
approximate expression for, 262, 
395, PI; capacity and resistance 
in an A.C. circuit, 297; causes 
phase lag, 296; defined, 260, 400; 
dimensions of, 261, 400; effect of 
on alternating E.M.F., 289; 

effect on breaking circuit, 263; 
E.M.U. of, 260, 400; E.S.U. of, 
261, 400; nature of, 262; r61e of 
in electrical oscillations, 301; 
units of, 260, 400 

— and energy losses, eddy currents, 263 
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Self-induction and resistance, effect of 
on transient phenomena, 274 

— as influenced by shape and materials 

of circuit, 262 

— measured by power factor, 396, P8 

— retards phase, 280, 292, 296, 297 
Sensitivity: limit of in galvanometers, 

125; of galvanometer, 123 ff., 378, 
PI, P5, 393, PIO, Pll, 395, P2, 
397, Pll 

Series connection: of cells, 94, 162; of 
resistances, 107; of voltaic piles, 
94 

— connections of capacities, laws of, 208 

— resistance for voltmeters, 129 
Shape of circuit and self-induction, 262 
Sharing charge, change of energy on, 206 
Shells: L and iC, 319; magnetic, 237 
Shunt, magnetic, 232 ff., 390, PI 4, 391, 

PI 7 

Shunts for ammeters, 127 
Simple dynamos and motors, 248 
Sine galvanometer, 93 
Sinusoidal alternating current, average 
square, 288 

— electromotive force, plot of, 285 
Size of electron, 313 

Solenoid: field in an infinitely long, 212; 
magnetic action of, 28; nature 
of field in, 213 

Solids, existence of ions in, 146 
Solution, effect of, on ionization of 
metals, 151 

— of Kirchhoff’s law equations, 117 ff. 

— pressure, 149 

— tension, 27, 149, 154; relative meas- 

urement of, 154 
Solutions, equilibrium in, 149 
Sommerfeld-Pauli concept of free elec- 
trons in metals, 329 

— thermionic equation of, 345 
Sources of electrical currents, 84 
South-seeking chariot, 50 
Space charge, negative, 349 

— charges, 328 

Spark, 312; effect on time of breaking 
circuit, 245; identified with 
lightning, 22; oscillatory nature 
of, 36, 300 

Sparking aided by ultraviolet light, 321 


Specific inductive capacity, 38, 200 ff.; 
see also Dielectric constant 

— resistance, 105 
Speculation, futility of Greek, 3 
Sphere, charged conducting, acts like 

point charge, 189 

Spherical condenser, 37, 199; capacity 
of, 199 

Split ring commutator, 218, 249 
Spring, electrical oscillating, 218, 387, 
P6 

Stability of atoms, dynamical, 144 ff., 
318 

— electrical, 144 ff., 318 

Stable configurations of electrons, 318 
Standard cell, 134, 161 

— of current, legal, 139, 144 

— of potential, legal, 139 

— of resistance, legal, 139 

— resistance, 132 

— Weston cell, 139 

Standards: legal, 139; absolute C.G.S., 66 

Starting boxes, 257 

Static charges, currents from, 83, 183 

— electricity: I, 174; II, 185; III, 196 
— period, 17 

— potential divider, 209 
StatisticvS, Fcrmi-Dirac, 330, 332 
Stern-Gerlach experiment, 227 
Storage cell, 158 

Stray effects and leakage, 236 
Structure: of electromagnets, 237; of the 
atom, 314 

Substances, magnetic, 54, 219 
Substitution method for measuring re- 
sistance, 136, 137 
Super-conductivity, 106 
Supersonic vibrations and waves, 365 

— waves, properties of, 365, 366 
Surface, equipotential, 187 

— density of charge, 188 ff. 
Susceptibility, magnetic, 220 ff. 
Sustained oscillations, 361 
Systematic period, 40 

T 

Table: periodic, of elements, 144-145; 

of units and dimensions, 400, 401 
Talkies, 325, 338 
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Tangent galvanometer, 30, 91 ff., 132; 
constant of, 92 

— law, 76, 91, 132 

Taste sensation, electrical, 26 
Telegraphy, 28 
Television, 300, 325, 338, 361 
Temperature: dimensional definition of, 
69; effect of, on conductivity 
of crystals, 140; effect of, on 
curren t- poten tial characteristic, 
348; effect of, on photoelectric 
current, 335; filament, measure- 
ment of, 343; high, by exploding 
fine wires electrically, 206; of 
dynamo in operation, 253 

— and thermionic emission, 343 

— coefficient of resistance, 106 
-measurement by thermocouples, 172 

-- variation of thermoelectric power, 168 
Tension, solution, 149, 154; relative, 
measurement of, 154 
Theorem, Euler’s, 305 
Theories of electricity, one and two 
fluid, 20, 94, 176 

Theory : of simple dynamo, 249; of three- 
electrode tube, 356; of two-elec- 
trode tube, 352; quantum, 13, 
43, 318, 320, 326, 332 
Thermal cross, 1 73 

— E.M.F.’s: calculation of, 168; law's of, 

168 

Thermionic amplifier, equation of, 358 

— constants, 347, 348 

— current variation with potential, 351 
' - effect, 340; discovered, 340; negative, 

gives electrons, 341 

— emission, current-potential charac- 

teristic of, 348; characteristic 
curves for, 343; experimental 
study of, 342; laws of, 342; po- 
tential distribution in, 350 

and temperature, 343 

currents, calculation of, 347 

— equation: experimental test of, 346; 

of Richardson, 344; of Sommer- 
feld and Fowler, 345 

— oscillator, 361 

— rectifier, 352 

— vacuum tube, 352 

— valve or rectifier, 352 


Thermionic work function, 336 
Thermions have Maxwellian distribu- 
tion, 347 

Thermocouples: advantages of, 172; 

metals used in, 172; uses of, 172 
Thermodynamics, 39, 42, 188, 240; first 
law of, 39, 188, 240 
Thermoelectric power, 168 

and temperature, 169 

Thermoelectricity, 166 
Thermometer, resistance, 106 
Thermopile, 173 
Thermoscope, 380, P20 
Thinkers, independent, 6 
Thomson effect, 169, 170 
Thorium, radioactive, 313 
Three-electrode tube, 355; arrangements 
for experimental study of, 356; 
as amplifier, 358; characteristic 
curves of, 359 
Threshold, red, 327 
Throw of galvanometer, 269 
Time, charge on condenser at any, 278, 
279 

— constant of circuit, 276 ff. 

--of breaking circuit unknown, 245 

— variation of current: with capacity 

and resistance, 279; with induc- 
tion and resistance, 275 
Torque, 75, 78, 79, 122, 255, jijj;; aver- 
age, 271; of motorsf^S; on 
magnet in uniform field, 75 

— constant, 79 

Torsion balance, 23, 64, 179 
Torsional coefficient, 122 

— constant, 80 

Total intensity of earth’s field, 244 
Transformations, fadioactive, 314 
Transformer, 267; efficiency of, 267; 
magnetic shunt in, 234, 390, PI 4, 
391, PI 7; ratio of E.M.F.’s in, 
268 

— cores, reduction of eddy current losses 

in, 265 

Transient effects, 113, 245, 263, 274 ff., 
295 

— phenomena, 113, 245, 263, 274, 283, 

295; study of by oscillograph, 
283 

Translational energies quantized, 332 






